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CHAPTER I 
ESSAY ON THE BIOLOGY  
OF THE DRY COW 
 
1. THE DRY PERIOD: MORE THAN AGALACTIA 
In dairy cows, the dry period is necessary to replace senescent mammary epithelial cells and to 
maximize milk production in the ensuing lactation (Hurley 1989; Capuco et al., 1997).  
The appropriate length of the dry period has been a subject of debate since the 1800s. Four different 
hypotheses have been proposed for the necessity of a dry period in dairy cows (Swanson 1965; Swanson 
et al., 1967; Smith et al., 1967; Capuco et al., 1997). These hypotheses were developed based on 
nutritional and hormonal concepts, and number and function of mammary epithelial cells (MEC). 
Results of studies on modified dry period length (DPL) have been summarized in two excellent reviews 
(Dix Arnold and Becker, 1936; Bachman and Schairer, 2003). 
 An eight-week dry period has been a management constant for most dairy farms since World War 
II (Bachman and Schairer 2003). Recently, the length of the dry period was re-evaluated (Grummer and 
Rastani 2004). Prominent among the reasons to change DPL is the high milk production of our modern 
dairy cows (due to genetic progress and use of new management technologies) compared with the 
production of cows upon which conclusions regarding DPL were initially based. Also, conclusions were 
largely based on retrospective analyses of farm data and on experiments employing small numbers of 
animals. Finally, recent findings indicating that involution is complete by 25 days (d) of the dry period 
in dairy cows prompted the re-evaluation of DPL. 
 Although shortening the dry period has been reported to cause negligible milk production loss 
(Schairer 2001; Bachman 2002; Gulay et al., 2003; Annen et al., 2004a), the majority of recent studies 
CHAPTER I-ESSAY ON THE DRY PERIOD 
 
  
22 
 
show that milk yield is reduced in cows with short dry periods (SDP) (Madsen et al., 2004; Gulay et al., 
2005; Rastani et al., 2005; Kuhn et al., 2005b, 2007; Church et al., 2008; Gallo et al., 2008; Watters et 
al., 2008). Completely eliminating the dry period resulted in reduced milk production in the subsequent 
lactation (Annen et al., 2004b, 2007; Andersen et al., 2005; Rastani et al., 2005; Fitzgerald et al., 2007). 
Previous studies indicated that reduced milk production in cows with no dry period is most likely 
because of reduced cell turnover and replacement of senescent MEC and progenitor cells during late 
gestation, rather than nutritional factors, systemic hormonal regulation or impact on MEC numbers 
(Smith et al., 1967; Capuco et al., 1997). Milk yield depression in continuously milked (CM) cows or 
quarters can be attributed to senescent MEC in the following lactation, which may have reduced the 
gland’s secretory capability (Capuco and Akers, 1999; Annen et al., 2004a). 
 Mammary involution and growth occur during the dry period. These physiological phenomena, 
together with the animal’s energy status, are generally accepted to be important factors for milk 
production efficiency during subsequent lactation. Diminished negative energy balance indices have 
been reported in cows with zero or 30d dry periods. The first half of this chapter will focus on mammary 
gland involution and energy balance of modern dairy cows with modified DPL during the dry period 
(sections 2-5). In the second half of this chapter, the bovine mammary defense and systemic health will 
be discussed when the dry period length is modified (section 6). 
The dry period is also an important time to control intramammary infections (IMI): (i) at drying off 
antibiotics are intramammarily infused to protect the gland, (ii) there is the physiological clearing of 
many bacteria during the mid dry period (after drying off), (iii) for management reasons the dry period 
is an ideal period to treat IMI, and (iv) it is known that many clinical coliform mastitis cases that occur 
during early lactation originate from new IMI at the end of the dry period (colostrogenesis) (Smith et al., 
1985b).  
These few examples emphasize the need to consider the impact of DPL, not only on mammogenesis 
and future milk production, but also on udder health (Annen et al., 2004a). Curiously, these phenomena 
have been studied by lactation physiologists and mastitis workers, respectively, and have not been 
linked. For example, studies conducted during the last decade for re-evaluation of DPL did not evaluate 
CHAPTER I-ESSAY ON THE DRY PERIOD 
 
 
 23 
 
 
the impact of shortened or eliminated dry periods on mammary and systemic health. There is very little 
information about the prepartum immune status of cows managed for shortened or eliminated dry 
periods.  
Experimental evidence suggests that mammary defense may be affected by modifying the DPL: (i) 
Poorer quality of colostrum for calves of CM cows has been reported in some studies and it indicates 
that the colostrogenesis period is not sufficient for gamma globulin accumulation in these cows 
(Remond et al., 1997a).  
(ii) Bovine mammary glands are markedly protected to IMI during mid dry period when fluid 
volume is considerably reduced (Neave et al., 1950). On the other hand, the incidence of new IMI is 
increased when milk accumulates in the glands, i.a. during very early (dry off) and late (colostrogenesis) 
phases of the dry period. During this period there is a decline in the efficacy of lactoferrin and 
antimicrobial and phagocytic activity is impaired by the accumulation of milk components (Burvenich 
et al., 2007) and accumulated casein and milk can promote microbial growth.  
(iii) Dry period length impacts the amount of milk accumulated in the gland at dry off and this is 
inversely related to mastitis resistance. The mammary gland reduces its capacity to secrete milk in 
response to IMI (Harmon 1994) and we suggest that down regulation of genes involved in milk 
secretion is a well-conserved evolutionary auto-defense mechanism that enables the lactating animal to 
combat invading pathogens more efficiently (Rinaldi et al., 2009).  
(iv) Reversible pharmacological cessation of milk secretion (e.g. by use of colchicine or endotoxin) 
can improve the cure rate of IMI by hastening the drying off (Patton 1974; Burvenich and Peeters 1980; 
Oliver and Smith 1982a, 1982b).  
(v) The increased yield at drying-off has been associated with an increased risk of new IMI in the 
dry period and calving, mainly because of increased risk of leaking milk and intramammary pressure, 
and level of milk components (Huxley et al., 2002; Bradley and Green 2004; Rajala-Schultz et al., 
2005). The amount of milk accumulation and its resorption are influenced by DPL. The slow transition 
from drying off to the mid dry period delays the protective characteristics of this period while milk 
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components level remains high interfering with leukocyte functions (Sordillo and Nickerson 1988). 
Because DPL influences the kinetics of involution and the volume and composition of mammary 
secretions, it may significantly impact susceptibility to new IMI during the dry period.  
During colostrogenesis, calving and early lactation, dairy cows experience many endocrine, 
nutritional and metabolic changes (Goff and Horst 1997; Goff et al., 2002). During this transition 
period, factors that are known to influence immune function could be affected by DPL. The purpose of 
this chapter is to discuss the importance of dry period for mammary gland biology and defense with 
emphsas in modified DPL in the light of indirect findings from previous research. 
 
2. IMPACT OF THE DRY PERIOD ON MILK PRODUCTION IN DAIRY COWS 
Four hypotheses have been proposed to explain the need for a non-lactating period between 
successive lactations in dairy cows (Swanson 1965, 1967; Smith et al., 1967; Capuco et al., 1997).  
The first hypothesis is nutritionally based, and suggests that a dry period is required for cows to 
have sufficient body reserves before calving to support optimal milk production in the subsequent 
lactation. Determination of DPL based on productivity and body condition first was proposed by 
Woodward and Dawson in 1926 (cited by Arnold and Becker, 1936). Afterwards, Dickerson and 
Chapman (1939) reported that a pronounced reduction in milk yield was observed in undernourished 
cows with SDP. This hypothesis was subsequently disproven based upon results of between cow and 
within cow (within udder) studies. Even if cows exhibited improved body weight, lower milk 
production was observed with zero or 30-d DPL compared with 60-d DPL (Swanson, 1965; Lotan and 
Alder, 1976). Furthermore, in a half-udder study, reduced milk yield for CM quarters was observed 
despite equal nutrient availability to all quarters (Smith et al., 1967). 
 The second hypothesis is hormonally based, and proposes that reduced milk production in cows 
with short or no dry periods is due to continuous influence of galactopoietic hormones. This hypothesis 
was disproved by Smith et al. (1967) who, utilizing a within-udder design, demonstrated reduced milk 
yield in CM quarters compared to control quarters, despite exposure of all quarters to the same 
endocrine milieu.  
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The third hypothesis was based on cell number, suggesting reduced MEC number as a cause for 
depressed milk yield in cows with modified DPL. This was invalidated (Swanson et al., 1967; Capuco et 
al., 1997), as no differences in dry fat-free tissue weight, deoxyribonucleic (DNA) concentration, total 
DNA content, or number of alveoli per tissue section was observed in quarters with 6 week differences 
in DPL. These authors, therefore, suggested that reduced milk in CM quarters can be attributed to 
decreased secretory activity per unit of mammary secretory tissue and physiological factors affecting the 
cells during lactogenesis, rather than systemic hormonal regulation or MEC numbers.  
Using [
3
H]-thymidine incorporation to evaluate mammary cell proliferation, Capuco et al. (1997) 
demonstrated 80% greater incorporation in mammary tissue from control (60-d dry) cows compared 
with CM cows. They also reported that total mammary DNA content increased 2-fold from 53 to 7d 
prepartum but was not affected by lactation status. Therefore, a fourth hypothesis was proposed, 
suggesting that a dry period of appropriate length was necessary for promoting cell turnover and 
replacement of senescent MEC during late gestation (Capuco et al., 1997). 
 
3. HISTORICAL STUDIES AND CURRENT RE-EVALUATIONS OF DRY PERIOD 
LENGTH 
A dry period has been used on dairy farms as a management practice since the 1800s (Fig. 1; 
Arnold and Becker, 1936). At that time, the optimum length of the dry period was a controversial 
subject among farmers (Annen and Collier, 2005). However, in the early 1900s the complete cessation 
of milking in the seventh month of pregnancy was adapted as a common practice for maximizing milk 
production in the ensuing lactation (Arnold and Becker, 1936). The dry period length ranging from 4 to 
10 week was recommended by many widely used textbooks in dairy husbandry between 1911 and 1930 
(Arnold and Becker, 1936). Depending on the physical condition of the cow, a 6 to 8 week DPL was 
advised in the majority of the texts. The standard practice of drying-off the cows, 60-d before 
parturition, was developed from dairymen experience.  
Spurred by the shortage of food during World War II, a 305-d lactation and 60-d dry period first 
was adopted in the United Kingdom (Knight  1998) and then in the Unites States (Annen et al., 2004b). 
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Bachman and Schairer (2003) summarized the results of studies on DPL between 1936 and 1996. They 
reported that best milk yield in the next lactation was obtained when DPL was 40-60 d (e.g., Coppock et 
al., 1974; Dias and Allaire, 1982; Funk et al., 1987; Rémond et al., 1992; Makuza and McDaniel 1996).  
 
Fig. 1 Schematic illustration shows the history of dry period length (DPL) 
evaluations in dairy cows. 8 weeks DPL was supported by retrospective studies 
as a standard management strategy. For several reasons, DPL was re-evaluated 
recently and most of the studies still support the past research indicating that 8 
weeks DPL is pivotal for optimal milk production in the next lactation 
 
In recent years it has been considered important to re-evaluate DPL primarily for the following 
reasons: (i) Most historic studies involved retrospective analysis of farm data (e.g. DHI) in which milk 
yield was regressed against DPL, rather than utilizing designed animal experiments (Bachman and 
Schairer, 2003; Grummer and Rastani 2004, 2005; Kuhn et al., 2005a), (ii) DPL in older studies was 
confounded by reproduction and management issues. Cows that had been exposed to SDP were 
frequently in that category because of early calving for a variety of reasons (e.g. carrying twins, 
spontaneous abortions, missed breeding or dry off dates), none of which has a positive impact on milk 
production in the next lactation (Bachman and Schairer, 2003), (iii) Cow numbers used in older 
designed studies were frequently insufficient to detect small changes in milk yield, (iv) There was 
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limited information regarding the impact of DPL for today’s high-producing dairy cows. Modern dairy 
cows produce much more milk throughout lactation and at dry-off than cows from 30 years ago, (v) 
Widespread use of new management technologies and practices, such as bovine somatotropin (ST), 
increased milking frequency, total mixed ration, and photoperiod management may impact the efficacy 
of shortened or omitted dry periods. In contrast to rat and mouse, which initiate significant mammary 
involution within 24 h of forced weaning, bovine mammary involution is slower and partially reversible 
after 11 d of milk stasis (Noble and Hurley, 1999). Because mammary involution in dairy cows is 
complete by 25 d of the dry period and significant proliferation occurs by this time (Capuco et al., 
1997), a 30-d dry period may be sufficient for involution and tissue regeneration under appropriate 
circumstances. Therefore, length of the dry period has become an active area of research and shortening 
the dry period to less than 60-d or eliminating the dry period have been promoted (e.g. Remond et al., 
1997b; Bachman, 2002; Annen et al., 2004a, 2007; Andersen et al., 2005; Rastani et al., 2005; 
Fitzgerald et al., 2007). 
 
4. BOVINE MAMMARY GLAND INVOLUTION DURING THE DRY PERIOD 
Mammary involution can be induced at any stage of lactation by terminating milk removal. It 
appears that the response to induced involution in ruminant mammary tissue is slower than that in 
rodents. For example, within 24h of litter removal, messenger ribonucleic acid (mRNA) abundance of 
α, β and γ-casein was observed to fall by up to 95% in rat mammary tissue (Travers et al., 1996). 
Abundance of casein and α-lactalbumin mRNA was also reduced in bovine mammary tissue 3 d after 
cessation of milk removal, but to a lesser extent than in rodents (Goodman and Schanbacher, 1991). 
However, after 7 d, αS1-casein and α-lactalbumin mRNA was reduced by 85% and 99%, respectively 
(Wilde et al., 1997).  
The morphological changes in mammary tissue during the dry period in dairy animals are less 
pronounced and distinctly different compared to those seen during mammary involution in 
nonpregnant rodents. Morphological changes during the dry period in dairy cows more strictly reflect 
a change in the secretory state of the mammary gland rather than characteristics of cell loss and tissue 
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regression. Alveolar structure of bovine mammary tissue generally remains intact throughout a typical 
dry period (Holst et al., 1987; Wilde et al., 1997). Luminal area in mammary tissue reaches a 
minimum on d 25 of dry period, whereas stromal area is maximum at the same time in dairy cows 
(Capuco et al., 1997).  
It has been shown that MEC in ruminants do not regress to the same extent as occurs in rodents 
mammary gland and apparently some synthetic and secretory activity of these cells are maintained 
throughout the dry period (Holst et al., 1987; Sordillo 1987; Sordillo and Nickerson, 1988). Sloughing 
of apoptotic epithelial cells into the alveolar lumen and detachment from the basement membrane 
observed during first 2 week of involution in rat and mice is not detectable during dry period in dairy 
cows (Sordillo and Nickerson, 1988; Hurley, 1989; Capuco et al., 1997).  
It has been reported that indices of both proliferation and apoptosis are increased within the first 
10 d of the dry period (Capuco et al., 2006). Apoptosis occurs in the bovine mammary gland after 
milk cessation (Quarrie et al., 1996; Wilde et al., 1997). In dairy cows, apoptosis increases to a peak 
during the first 72h after dry-off (Annen and Collier, 2005) and continues throughout late gestation 
and into early lactation, reaching a second peak during the first week after parturition (Annen et al., 
2007). MEC proliferation increases at or shortly after the initial increase in apoptosis (Annen and 
Collier, 2005). Similarly, proliferation of MEC increased in non-suckled glands 5 to 7 d after 
cessation of suckling in beef cows (Capuco and Akers, 1990). 
 Although mammary cell loss does not occur extensively during a standard dry period, tissue 
remodeling including changes in cell populations, alveolar structure and syntheses of extracellular 
matrix occur extensively (Holst et al., 1987; Hurley 1989; Capuco et al., 1997). As a conclusion, 
extensive cell turnover occurs during the dry period and the number of epithelial cells rapidly 
increases during the last two months of gestation (Capuco et al., 1997).  
With normal management of dairy cows there is an overlap of lactation and pregnancy. These 
animals are also pregnant at cessation of milk removal. Most likely, increased mammary cell turnover 
during dry period is a consequence of concomitant pregnancy and milk removal (Capuco et al., 2006). 
Mammogenic and lactogenic stimulation of pregnancy tends to counterbalance the apoptotic effects of 
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accumulated milk at dry off by enhancing cell proliferation and inhibiting apoptosis (Capuco et al., 
2006). Consequently, concomitant pregnancy opposes stimuli for mammary involution during dry 
period. Similarly, simultaneous pregnancy retards mammary gland involution after forced weaning in 
mice (Capuco et al., 2002). Conversely, the mammary gland of nonpregnant dairy cows may undergo 
extensive destruction of the lobular-alveolar structure after dry-off, as expected in stage II of 
involution (Leitner et al., 2007). Forced weaning of sheep at 5 d of lactation induced involution which 
was complete after 30 d (Tatarczuch et al., 1977). In species that are not pregnant at cessation of milk 
removal, extensive and rapid cell loss occurs in the mammary gland, followed by gland remodeling to 
structural similarity to a virgin gland (Capuco and Akers 1999; Capuco et al., 2002). Consequently, 
the process of cell renewal and tissue remodeling that occurs following dry-off with concomitant 
pregnancy, has been descriptively termed “regenerative involution” (Capuco et al., 2003).  
MEC proliferation and apoptosis are controlled by systemic and local factors after cessation of milk 
removal. Yet there is a general lack of research on specific factors involved in local regulation of bovine 
mammary gland apoptosis and involution. Based on data obtained in rodents, the major systemic effects 
are exerted by the galactopoietic and lactogenic hormones, prolactin, growth hormone, insulin-like 
growth factors (Wilde et al., 1999) and by systemic glucocorticoid and progesterone, which can inhibit 
stage II involution (Ongsakul et al., 1985; Feng et al., 1995). The level of systemic lactogenic hormones 
drops immediately after milking cessation in vivo (Lamote et al., 2004b). Importance of the absence of 
prolactin and ST for mammary gland involution has been shown in rodents (Marti et al., 1999). This has 
also been demonstrated for cows in vitro (Accorsi et al., 2002).  
It is known that in ruminants prolactin only plays a role in the induction of lactation, while the 
galactopoiesis in this species is controlled by ST (Lamote et al., 2004b). However, in other species like 
rodents and humans the dominant role for galactopoiesis and lactogenesis is played by prolactin rather 
than ST (Lamote et al., 2004b). It has been demonstrated that reduction in circulating concentration of 
prolactin accelerates the mammary involution (Wilde et al., 1999). The expression of insulin-like 
growth-factor binding protein 5 (IGFBP-5), which antagonizes the survival effects of insulin-like 
growth-factor 1 (IGF-I), is repressed in the presence of prolactin, growth hormone and IGF-I (Wilde et 
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al., 1999). IGFBP-5, which impacts the availability of IGF-I to target tissues, is secreted locally by 
MEC. Prolactin reduction due to cessation of milk removal reduces its inhibition of IGFBP-5 expression 
by epithelial cells and promotes apoptosis by decreasing the survival activity of IGF-I (Wilde et al., 
1997). Additionally, IGF-I stimulates MEC proliferation in vitro (McGrath et al., 1991) and in vivo 
(Collier et al., 1993). The role of ST is thought to be managed through elevation of IGF-I (Annen et al., 
2004b). It should be noted that this information regarding systemic control of mammary gland 
involution and apoptosis is based on findings in rodents. Apoptosis can be induced by milk stasis in 
rodent mammary tissue (Quarrie et al., 1996). 
 Local control of the MEC apoptosis occurs following accumulation of the local factors in stored 
milk and/or MEC and because of physical distension on the mammary epithelium after milk stasis 
(Wilde et al., 1999). IGFBP-5 and transforming growth factor-β1 (TGF-β1) are among the known local 
factors which are elevated in stored milk after milk cessation (Wilde et al., 1999). The role of TGF-β1 is 
not very well understood, but it is upregulated when apoptosis occurs both in vitro and in vivo (Wilde et 
al., 1999). It was beyond the scope of this review to discuss the mechanisms of survival and apoptosis in 
the mammary gland by local growth factors (reviewed by Lamote et al. (2004b)).  
Apoptosis may be stimulated by physical distension through disrupting cell shape. It appears that 
perturbation of mammary cell shape in culture changes intramammary composition, intracellular free-
calcium content and expression of genes with a role in cell fate and morphological development in some 
embryonic and adult tissue (Huguet et al., 1995; Wilde et al., 1999). Local control of apoptosis can 
overcome the anti-apoptotic effects of galactopoietic hormones. In addition to interruption of systemic 
lactogenic hormones, immediately after cessation of milking there is also a decrease in galactopoietic 
hormone levels (Vangroenweghe et al., 2005). It is suggested that this interruption in hormonal 
secretions can lead to a rapid decline in milk secretion or down-regulation of differentiated gene 
expression in rodents (Vangroenweghe et al., 2005). Thus, systemic hormones, local factors, pregnancy 
and stage of lactation are factors that can affect the rate of mammary gland involution (Capuco et al., 
2002).  
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5. MAMMARY GLAND INVOLUTION IN COWS WITH MODIFIED DRY PERIOD 
LENGTHS 
Although some recent studies have demonstrated small (3.6%) or no decrease in milk production 
following SDP with or without bovine ST supplementation in dairy cow (Schairer, 2001; Bachman, 
2002; Gulay et al., 2003, 2004), most recent studies, support previous demonstration of milk yield 
depression in cows with SDP (Madsen et al., 2004; Gulay et al., 2005; Kuhn et al., 2005, 2007; 
Rastani et al., 2005; Church et al., 2008; Gallo et al., 2008; Watters et al., 2008).  
Although omitting the dry period completely did not affect the milk production of the next 
lactation either without using bovine ST in dairy cows (Remond and Bonnefoy, 1997) or using bovine 
ST in multiparous cow (Annen et al., 2004a), in most experiments it has resulted in production losses 
of 10 to 40% in the subsequent lactation (Sanders, 1928; Swanson, 1965; Smith et al., 1967; Rémond 
et al., 1992, 1997a; Annen et al., 2004a, 2007; Andersen et al., 2005; Fitzgerald et al., 2007).  
We have hypothesized that CM does not allow replacement of senescent and progenitor cells, 
which could be an explanation for reduced milk yield for these animals in the ensuing lactation 
(Capuco et al., 1997; Capuco et al., 2006). Progenitor cells are responsible for expanding and 
maintaining the number of mammary secretory cells (Capuco et al., 1999). MEC proliferation is 
higher in glands that are permitted to have typical dry period than in those continuously milked 
prepartum (Capuco et al., 1997; Annen et al., 2007). MEC proliferation occurred earlier in CM halves 
than control halves and decreased thereafter (Annen et al., 2007). MEC proliferation is reduced in CM 
cows throughout the last 35d of gestation; however net mammary growth in these animals was not 
impaired (Capuco et al., 1997). Similarly, the temporal pattern of apoptosis is different between CM 
and control glands during the dry period and the apoptotic index is greater in control glands than CM 
glands during early lactation (Annen et al., 2007). Increased apoptosis during early lactation may 
provide a mechanism for removal of senescent cells and may reflect the number of new MEC 
generated during late gestation (Capuco et al., 2006). Reduced apoptosis in CM cows or quarters is 
most likely attributable to a lack of milk accumulation that provides a local pro-apoptotic stimulus. A 
reduction in proliferation accompanied by a reduction in apoptosis reduces cell turnover in CM glands 
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and increases carry-over of senescent mammary cells into the ensuing lactation (Capuco et al., 1997). 
Senescent MEC in the following lactation would have reduced functionality, i.e. less secretory ability 
and less proliferative capability, and cause reduced milk yield in CM cows or quarters (Capuco et al., 
1999; Annen et al., 2004b, 2007). Reduced secretory activity per unit of mammary tissue in CM cows 
was also reported in an early study (Swanson et al., 1967).  
Mammary ultrastructure in CM or control glands was evaluated recently (Annen et al., 2007). 
Less abundant cell organelles and an occasional lipid droplets are characteristics of a nonlactating 
tissue and lumina of resting alveoli is clear of secretion in this tissue (Annen et al., 2007). The 
secretory capacity indicators of alveoli such as lipid droplets and organelles was lower in CM glands 
at 20 and 8d before parturition which might be the reason for reduced milk yield in CM halves 
throughout late gestation (Annen et al., 2007). In early lactation (20d postpartum), CM halves 
contained large heterogeneous populations of secretory and resting alveoli, whereas control tissue 
consisted of fully secretory alveoli. They hypothesized that increased prevalence of resting alveoli in 
CM glands is because of carry-over of MEC from previous lactation to the current lactation in which 
these senescent cells enter a resting phase during early lactation rather than during the decline phase 
of lactation (Annen et al., 2007). 
   
6. ENERGY STATUS OF COWS WITH MODIFIED DRY PERIOD LENGTHS 
Changes in diet and grouping of cows during the dry period may lead to increased stress, reduced 
feed intake and increased metabolic complications postpartum (Grummer and Rastani, 2005). Typical 
feeding management of cows with a traditional dry period (~60-d) involves two diet changes: far-off 
and close up diets (Grummer and Rastani, 2005) (Fig. 2). The far off diet with low-energy density is 
designed to maintain body condition of the cow and is delivered during first 5 week of the dry period 
(Goff and Horst, 1997) (Fig. 2). Subsequently, the close up diet with moderate-energy density is 
delivered during the final 3 week of the dry period (Grummer and Rastani, 2005) (Fig. 2). It is designed 
for adaptation of cow and rumen microorganisms to the high-energy lactation diet provided immediately 
after parturition. 
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 Feeding a single diet throughout the dry period may help to reduce stress and its impact on key 
physiological parameters during the dry period and subsequent lactation. Cows may be over-conditioned 
and run into increased incidence of metabolic disorders if fed a moderate energy diet for an 8 week dry 
period (Rukkwamsuk et al., 1999). Although feeding a low energy diet during the 8 week can be 
successful, questions persist about the impact of a sudden change from low energy diet to high energy 
diet on fresh cows and the adaptation of rumen microorganism (Grummer and Rastani, 2005). Feeding 
high-fiber diets increases the population of cellulytic and methane-producing bacteria, which decreases 
the efficiency of utilizing dietary energy (Johnson and Johnson, 1995). Additionally, length of papillae 
and the absorptive capacity of the rumen mucosa are reduced on low-energy diets, with as much as 50% 
of the absorptive area lost during the first 7 week of the dry period (Dirksen et al., 1985; Goff and Horst, 
1997).  
 
 
Fig. 2. The scheme illustrates two possible feeding scenarios for minimizing the 
stress due to dietary changes during dry period. Feeding the animals with 
moderate-energy (scenario I) or low-energy diets (scenario II) during the entire 
dry period may cause milk production loss in the subsequent lactation. Shortening 
the length of dry period can be an appropriate management strategy for 
decreasing the negative energy balance at peripartum minimizing the frequency of 
dietary changes and feeding relatively high-energy diets; DPL, dry period length.  
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Shortening or eliminating the dry period can permit a single, relatively high-energy diet to be fed 
during late gestation (Grummer and Rastani, 2005) (Fig. 2). Improved dry matter intake, metabolic 
profiles, body condition score (BCS), body weight and mean negative energy balance has been 
suggested in cows with short (Lotan and Alder 1976; Gulay et al., 2003, 2005; Watters et al., 2008) or 
omitted dry periods (Rémond et al., 1992; Andersen et al., 2005; Rastani et al., 2005).  
 
7. IMPORTANCE OF DRY PERIOD FOR MAMMARY DEFENCE AND COLIFORM 
MASTITIS CONTROL 
The importance of the dry period in the dynamics of IMI in dairy cattle has been studied over many 
years. The dry period is an important focus for mastitis control strategies in dairy herds (Neave et al., 
1950; Smith et al., 1985a; Oliver and Sordillo, 1988; Burvenich et al., 2003), because many new IMI 
that occur at the end of dry period carry into the next lactation and cause clinical coliform mastitis 
(Hogan and Smith, 2003).  
The rate of IMI is not constant across the dry period (Smith et al., 1985a; Bradley and Green, 2004). 
Clinical and experimental data support the concept that bovine mammary glands are more susceptible to 
new IMI during the early (drying-off) and late (colostrogenesis) dry period than during the remainder of 
the dry period or lactation (Kehrli and Shuster 1994; Sordillo and Streicher, 2002; Burvenich et al., 
2000, 2007). Increased rates of IMI during transition periods (drying off and near calving) may be 
attributable to changes in natural protective factors and antibacterial factors, the anatomy and 
physiology of the teat end, and the extent of exposure to mastitis pathogens (Comalli et al., 1984; Oliver 
and Sordillo 1989). 
Mastitis is the most important disease in dairy industry from an economic point of view (Miler et 
al., 1993; Boudjellab et al., 1998). Mastitis costs are because of milk production losses, reduced milk 
quality, milk withheld due to antibiotic residues, preventive and treatment procedures, culling, milk 
processing problems, veterinary and etc. (Bartlett et al., 1991). Definitions of mastitis have been an 
ever-lasting debate. Also, the question if mastitis has to be considered as a physiological or pathological 
condition is subject of a discussion in which several sub-definitions has to be included (see international 
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conference mastitis: physiology or pathology?, Ghent, 1990). Nevertheless, most researchers agree with 
a practical definition of mastitis as the inflammation of mammary gland that occurs after intramammary 
invasion of bacteria through teat canal (Burvenich et al., 1994). 
 Depending on the way of entrance of pathogens into teat canal, i.e. environment or cow (quarters), 
mastitis can be distinguished as two major types of environmental or contagious. It has been reported 
that the incidence of environmental mastitis, mainly E. coli, has increased, whereas it is reverse for 
contagious mastitis (Kossaibati et al., 1998).  
The incidence of acute E. coli mastitis is highest between parturition and peak of lactation 
(McDonald and Anderson, 1981c), when cows experience negative energy balance and the incidence of 
different infectious and metabolic diseases is highest. E. coli mastitis is self-curing during mid and late 
lactation (Hill et al., 1979). Severity of E. coli mastitis is of much more concern than it incidence 
(Burvenich et al., 2003). Three interdependent factors, i.e. cow, pathogen and environment influence the 
severity of E. coli mastitis; however the severity of E. coli mastitis is mainly determined by cow factors 
(Burvenich et al., 2003). The severity of the disease is specifically related with the period of lactation 
and parity. Severe cases of clinical E. coli mastitis are more frequently observed during early lactation 
rather than during established lactation in high-producing dairy cows. There is a large variation in 
severity of E. coli mastitis during early lactation, but severe cases of E. coli mastitis are mostly seen 
among multiparous cows (Burvenich et al., 2003). 
Innate immunity is the most important defence system in the lactating bovine mammary gland 
(Burvenich et al., 2007). Innate immunity contributes to the defense against IMI through two aspects: 
afferent (sensing) and efferent (effector) arms. Pattern recognition receptors (PRRs), peptides and small 
proteins are the main mediators of innate immunity (Burvenich et al., 2007). PRRs including Toll-like 
receptors (TLRs), provide the cornerstone of innate immunity (Uematsu and Akira, 2006). The TLRs 
recognize conserved motifs on pathogens, which are termed pathogen-associated molecular patterns 
(Kaisho and Akira, 2006), and are crucial for activating signaling pathways for antibacterial defense. 
Ten TLR have been identified, some of which may be important afferent arms in the innate defense 
against mastitis pathogens.  
CHAPTER I-ESSAY ON THE DRY PERIOD 
 
  
36 
 
Antimicrobial peptides might play an important role in defence against invading pathogens to 
mammary gland. The bactericidal β-defensin peptides represent efficient effector molecules within the 
innate immune defense (Zasloff, 2002). Expression of epithelial β-defensins in cattle tongue, intestine 
and lung can be induced both in vivo and in vitro by infectious and inflammatory agents (Diamond and 
Bevins, 1998). MEC were identified as the predominant site of β-defensin5 expression and its 
abundance was shown to be increased more than 10-fold by IMI (Goldammer et al., 2004). MEC may 
play an important role in the immune response, contributing to the innate defence of the mammary 
tissue through secretion of antimicrobial peptides and attraction of circulating immune effector cells 
(Gray et al., 2005). The mucosal cells of the mammary gland may also produce antimicrobial peptides 
as the first line of defense against microbial colonization or infection.  
The composition of bovine mammary epithelial antimicrobial peptides is mostly unknown, even 
though the antimicrobial peptides in bovine neutrophils and mucosal epithelia were discovered rapidly 
(Roosen et al., 2004). Smolenski et al. (2007) detected 2903 peptides and 2770 protein spots by 2-
dimensional electrophoresis in milk from peak lactation as well as during the period of colostrum 
formation in dairy cows. In another study, the novel bovine β-defensin 1 transcript was detected in the 
bovine teat mucosa, kidney, vagina, ovary, oviduct, and colon (Aono et al., 2006). Roosen et al. (2004) 
collected the samples of parenchymal and cistern tissue of the mammary gland of nine different 
lactating and nonlactating cows with different clinical findings concerning mastitis immediately after 
slaughter. They identified and characterized the eight bovine β-defensin genes. Moussaoui et al. (2003) 
identified five peptides in the bovine skim milk and proteose peptones are considered as indicators of 
endogenous proteolysis during lipopolysaccharide (LPS) experimental mastitis (Moussaoui et al., 2002). 
Strandberg et al. (2005) indicated that one of the many responses of bovine mammary epithelial cell 
lines to LPS and lipoteichoic acid is the coordinate induction of the β-defensins, tracheal antimicrobial 
peptide and lingual antimicrobial peptide. The relationship between the composition of peptides in 
bovine udder and severity of E. coli mastitis remains to be investigated.  
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8. DOES DRY PERIOD LENGTH AFFECT MAMMARY DEFENSE? 
8.1. Dry Period Length and New Infections   
To our knowledge there are no data about composition of mammary secretions during the dry period 
for cows with SDP and all the evidence are indirect. Along with changes in mammary histology during 
the dry period, dramatic changes occur in the composition of mammary secretions (Breau and Oliver, 
1985; Bushe and Oliver, 1987; Sordillo and Nickerson, 1988; Athie et al., 1996). Significant changes in 
cellular and chemical composition of mammary secretions occur during early, mid and late dry period 
and we hypothesize that modifications of DPL may influence the occurrence of new IMI by altering the 
composition of mammary secretions during late gestation. 
The secretion of components of both the innate and acquired immune system is elicited immediately 
after milk removal cessation (Stein et al., 2004; Clarkson et al., 2004). Cell concentrations in milk 
secretion rise for the first 2 week after cessation of milk removal, and then decrease to become stable 
during much of the period (Jensen and Eberhart 1981; McDonald and Anderson 1981a; Miller et al., 
1990). In general, numbers of polymorphonuclear (PMN) leukocyte (although there is a difference 
between PMN and neutrophils, in this review the abbreviation of PMN is used as equivalent for 
neutrophils), macrophages and lymphocytes, and concentrations of immunoglobulins (Ig) in mammary 
secretions remain low during this period (Craven and Williams, 1985; Hurley and Rejman, 1986; Breau 
and Oliver, 1986). There are some contradictory reports regarding the major cell types in mammary 
secretions during the early dry period. In one report, macrophages were the major cell type during the 
early dry period, with PMN being the predominant cell type 2 d after termination of milking, followed 
by macrophages (McDonald and Anderson, 1981a). In another study, equal frequency of macrophages, 
PMN and lymphocytes at dry-off were reported, and PMN became the primary cell type 9 d after dry off 
(Hirsch, 1987). In yet another study, macrophages were the predominant immune cells in secretions 
from uninfected quarters during first 4 week of the dry period, whereas PMN were the major cell type in 
infected quarters (Jensen and Eberhart, 1981).  
Concentrations of fat, casein, lactose, citrate, α-lactalbumin and the citrate to lactoferrin molar ratio 
decrease during the first week of dry period (Akers 1986; Hurley 1987, 1989; Wilde et al., 1997). 
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Abundance of β-lactoglobulin mRNA in bovine mammary tissue remains unchanged 3d after cessation 
of milking (Goodman and Schanbacher, 1991). The concentration of lactose and citrate as the major 
regulators of osmolarity in mammary secretions undergo major reduction during early dry period in 
comparison to other components (Hurley and Rejman, 1986; Hurley, 1987). In contrast, there are small 
and inconsistent changes in concentrations of fat, casein, β-lactoglobulin and α-lactalbumin in 
mammary gland secretions. The concentrations of proteins in mammary secretions, e.g. serum albumin, 
and Igs that are derived from blood, generally increase while there is a reduction in mammary fluid 
volume during the dry period (Hurley and Rejman, 1986; Hurley, 1987). This is because of relatively 
increased permeability of MEC tight junctions in this period, permitting passive diffusion of serum 
proteins into the alveolar lumen. Igs in mammary secretions originate locally from cells of the 
lymphocyte plasma cell series or they are of humoral origin (Lavau et al., 1978). The concentration of 
all Ig classes and subclasses, i.e. IgG1, IgG2, IgA and IgM, increase markedly by the first week of the 
dry period (Watson et al., 1972). 
The composition of mammary secretions and morphology of bovine mammary tissue remains 
relatively constant during the mid dry period (Oliver and Bushe, 1987; Sordillo, 1987). In general, 
considerable changes in mammary gland structure and function do not occur until parturition (Sordillo, 
1987; Sordillo and Nickerson, 1988).  
Because of markedly reduced fluid volume and accompanying changes in mammary secretion (the 
major constituents of milk are minimal), the mammary gland is highly resistant to new IMI during the 
mid dry period (Burvenich et al., 2007), especially to gram-negative bacteria (Oliver and Mitchell, 
1983; Breau and Oliver, 1986). Ig concentrations are elevated during this period, but more moderately 
than during the early dry period. Lymphocytes appear to be the predominant cell type in uninfected 
quarters of an involuted udder, however large quantities of macrophages are also present. The number 
of PMN generally remains lower than lymphocytes and macrophages during mid dry period.  
Lactoferrin, the major protein found in mammary secretions during mid dry period, is an important 
inhibitory component against coliforms (Oliver and Bushe, 1987; Rejman et al., 1989; Goff and Horst, 
1997; Burvenich et al., 2007). Additionally, reduced citrate and increased bicarbonate concentrations 
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support the iron-chelating properties of lactoferrin (Rainard and Riollet, 2006). Bicarbonate is required 
for the binding of iron by lactoferrin and can overcome the deleterious effects of citrate on IMI 
(discussed later). Citrate is absorbed from the udder to blood, while bicarbonate diffuses from blood to 
the udder (Reiter et al., 1975; Griffith, 1977). The major site of synthesis of the lactoferrin in bovine 
mammary secretions is secretory epithelial cells; while lactoferrin originated from PMN contributes to a 
minor extent (lactoferrin is a major constituent of the secondary granules of the PMN). Beside 
sequestration of iron necessary for bacteria growth by lactoferrin, lactoferrin itself or peptides derived 
from it can have bactericidal effects. One molecule of lactoferrin can bind two molecules of iron, and 
when not completely saturated with iron, lactoferrin inhibits a variety of bacteria via interaction of its 
cationic N-terminal region with bacterial components that require iron for their growth (Bishop et al., 
1976; Smith and Oliver, 1981; Nishiya and Horwitz, 1982; Breau and Oliver, 1986; Burvenich et al., 
2007). Moreover, it has been shown that lactoferrin interacts specifically with surface receptors of the 
macrophage, the lymphocyte and PMN which supports the note that lactoferrin may play an important 
role in the control of the functional processes of macrophages, lymphocytes and the PMN or influx of 
these cell types into mammary tissue during involution. Following an autoregulatory role of lactoferrin, 
PMN may remain at inflammatory sites and amplify the inflammatory response.  
Lactoferrin by inhibiting the production of granulocyte colony stimulating factor by the macrophage 
can also involve in the control of granulopoiesis. Among the mastitis pathogens, Escherichia coli (E. 
coli) is the most susceptible to lactoferrin, followed by Staphylococcus aureus. Streptococci such as 
Streptococci uberis and Streptococci Agalactiae seem to be resistant to antimicrobial effects of 
lactoferrin, most likely because of their extremely low iron requirement (Rainard, 1986).   
Selective transport and accumulation of Igs and the onset of copious secretion of proteins, fat, and 
carbohydrates, and accumulation of colostrum are main characteristics of lactogenesis-colostrogenesis 
(Breau and Oliver, 1986; Sordillo and Nickerson, 1988). Because of colostrum accumulation, the 
intramammary pressure increases. This period most likely begins 15-20 d before parturition (Sordillo 
and Nickerson, 1988).  
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Colostrogenesis occurs in two stages that can be characterized by both morphological and 
biochemical changes (Fleet et al., 1975; Oliver and Sordillo 1988). In the first stage, the volume of 
precolostral fluid in the mammary gland cistern increases slowly over the last two week of the dry 
period. In the second stage which begins immediately before parturition, copious colostral secretion 
occurs (Fleet et al., 1975).  
The permeability of tight junctions is decreased and synthetic ability of secretory epithelia is 
increased during the last 2 week of gestation (Oliver and Sordillo, 1988). The lower permeability of 
tight junctions at calving results in inhibition of paracellular transfer of serum proteins and ions into 
milk (Nguyen and Neville, 1998). Instead, most transport is via the trans-cellular pathway (Kishimoto et 
al., 1989; Nguyen and Neville, 1998). Low concentrations of antibacterial components (phagocytes and 
lactoferrin), somatic cells and serum albumin but high concentrations of casein, fat, and citrate are 
characteristic of mammary secretions at this stage (Nonnecke and Smith, 1984; Breau and Oliver, 1986; 
Oliver and Sordillo, 1988).  
Ig concentration reaches its maximum level in mammary secretions during colostrogenesis, at 5-10 
d before calving (Sordillo and Streicher, 2002). Most of the IgG in mammary secretions is of humoral 
origin, whereas IgA and IgM are produced locally (Lascelles, 1979). Approximately 90% of all colostral 
Igs that are transferred to calves is IgG1 and IgG2. Although the concentration of IgG1 and IgG2 in the 
bovine blood is roughly identical (924.3 and 1330.4 mg/dl, respectively; Burton et al., 1991a), IgG1 
appears in colostrum in much higher concentration than IgG2 (50-90 and 1.5-2 g/l respectively; 
Elfstrand et al., 2002) and the high concentration of IgG1 is a unique property of colostrum. The IgG 
class, and IgG1 in particular, is selectively transported from the maternal plasma across the blood-milk 
barrier into the colostrum as parturition approaches, and this process is controlled locally by MEC 
(Brandon and Lascelles, 1975; Guy et al., 1994). Most likely, the neonatal Fc receptor on the acinar 
epithelial cell plays an important role in the IgG transport during colostrogenesis in ruminants (Mayer et 
al., 2005). An important role of IgG2 for opsonophagocytosis of bacteria by PMN and antibody-
dependent PMN cytotoxicity has been suggested (Butler, 1983; Detilleux et al., 1994). An early 
production of IgM plays a crucial role in resistance to bacterial and protozoal parasites, in complement 
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binding activity and efficient bacterial agglutination reactions (Butler, 1983; Detilleux et al., 1994). The 
concentration of Igs falls with the onset of copious secretion and accumulation of secretions in the 
gland. The lower opsonic activity (which is associated with IgG2, IgM and complement components in 
the presence of complement) of mammary secretions during the last week of gestation can be a possible 
reason for reduced phagocytic capacity of macrophages and PMN and decreased effectiveness of 
mammary secretions as inhibitors of IMI (Craven and Williams, 1985; Smith et al., 1985a). Also, due to 
indiscriminate ingestion of fat and casein, phagocytosis and intracellular bacteriolysis by PMN are more 
likely to be inhibited during the period of colostrogenesis (Russell and Reiter, 1975; Russell et al., 1976; 
Paape and Guidry, 1977). 
 The molar ratio of citrate to lactoferrin increases by approximately 100 fold over the last few d 
prepartum. Dramatic increase in concentration of citrate is highly correlated with rapid increase in fluid 
volume and onset of copious secretion (Peaker and Linzell, 1975). The number of cells in mammary 
secretions of uninfected quarters gradually decreases during the last two week of gestation. In contrast 
to the mid dry period when lymphocytes are the predominant cells (Miller et al., 1990; Rainard and 
Riollet, 2006), lymphocyte number declines during the periparturient period and macrophages appear to 
be the most prevalent cell type during the late dry period (McDonald and Anderson, 1981b; Jensen and 
Eberhart, 1981). 
Shortening the DPL can result in reduced milk production at drying off. Therefore, concentrations 
of fat, casein, lactose, and citrate which are high at dry off and interfere with natural defense (Craven 
and Williams, 1985; Hurley and Rejman, 1986; Breau and Oliver, 1986), may be reduced during this 
period for SDP cows. Phagocytes start ingesting milk fat, casein, and cell debris after diapedesis, which 
decreases their phagocytic function and induces apoptosis (Burvenich et al., 2007). Degraded epithelial 
cells and accumulated fat and casein are thought to be heterophagocytosed by macrophages, which enter 
the mammary tissue and secretion in large numbers during early involution. It appears that there are 
other factors than fat and casein present in the secretion of the involuting gland that may reduce the 
phagocytic capabilities of the macrophage and PMN. These factors may also reduce the responsiveness 
of lymphocytes to antigen stimulation. There is an effective competition between citrate and lactoferrin 
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for iron binding and the resulting iron-citrate complex can be utilized by bacteria (Schanbacher et al., 
1993). Additionally, excessive milk volume in the udder at dry-off provides an excellent medium for 
bacterial growth, which can utilize casein and lactose (Smith et al., 1985c; Breau and Oliver, 1986). 
There also appear to be secretion components that are either increased in concentration or are produced 
during the process of involution, which can act as growth stimulants for certain bacteria. Because lower 
concentrations of natural protective factors are present in mammary secretions from glands producing 
large quantities of milk during late lactation (Smith et al., 1985c; Breau and Oliver, 1986), shortening 
the dry period may increase the concentration of these naturally protective factors via reduced milk 
production when cows are dried off. Moreover, increased intramammary pressure due to accumulation 
of a large volume of milk, which may cause leakage of milk from the teats and facilitate bacterial 
penetration of the streak canal, can be minimized by shortening DPL (Cousins et al., 1980; Burvenich et 
al., 2007). A positive correlation between the quantity of milk produced during late lactation and 
susceptibility to new IMI has been reported by others (Oliver et al., 1956). 
We hypothesize that shortening or eliminating the dry period will lessen the occurrence of new IMI. 
Milking cows until parturition removes the immunodeficiency brought about by milk accumulation 
when drying off to initiate a dry period. Although old studies reported abnormal colostrum for CM 
cows, there were no control animals to make comparisons (Eckles and Palmer, 1916; Wheelock et al., 
1965). Eckles and Palmer (1916) concluded that heat-coagulable protein content of colostrum is reduced 
remarkably as dry period length was reduced (n=4). Negative impacts of CM on IgG and protein content 
of colostrum have been reported in the literature (Brandon and Lascelles, 1975; Remond et al., 1997b; 
Rastani et al., 2005). Guy et al. (1994) demonstrated that prepartum milking of udder halves resulted in 
less concentration of IgG1 in secretions of milked glands than dry glands from 10d prepartum to 1d 
postpartum. Similarly, an overlap of breast feeding and late pregnancy in humans was accompanied by 
reduced concentration of IgG in colostrum (Marquis et al., 2002). We showed that CM reduces the IgG 
content of colostrum compared to cows given 30d dry period in primiparous cows, but it had no effect 
on colostrum IgG content in multiparous cows (Annen et al., 2004a). It is thought that the lack of time 
for secretion-accumulation period is the reason for reduced quality of colostrum in CM cows. 
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Shortening the DPL has no impact on colostrogenesis, in terms of changes in cellular and fluid 
composition (Remond et al., 1997b; Annen et al., 2004a; Gulay et al., 2005; Rastani et al., 2005; 
Watters et al., 2008). In another study, it was shown that cows with 1-10 days dry period produced 
lower concentration of Igs in colostrum than cows with 8 week dry period (Remond et al., 1997a). 
 The bacterial flushing effect of milking continues uninterruptedly when cows are given no dry 
period. This is important for removing bacterial invaders colonizing the streak canal, teat cistern, or 
gland cistern and/or compromised PMN (Paape et al., 1995). Continuous milking may improve the 
efficiency of the immune system and improve teat end disinfection during late gestation. The change in 
number and activity of macrophages, lymphocytes and PMN, the molar ratio of citrate to lactoferrin, the 
concentration of soluble components such as α-lactalbumn, β-lactoglobulin, albumin, immunoglobulins, 
proteins, peptides, fat, lactose and caseins during the prepartum period requires additional study in cows 
with short or omitted dry periods because of the potential impact on IMI. 
 
8.2. Dry Period Length and Function of Circulating Immune Cells  
We are unaware of data pertaining to the immune status of cows given short or no dry periods 
before parturition. Research directed at understanding the status of the innate and acquired immune 
factors during the prepartum period for cows given short or no dry periods may provide important 
data concerning the interaction of DPL and immune function of dairy cows.  
Dairy cows experience many endocrine (Burvenich et al., 1999; Paape et al., 2002) and sudden 
metabolic changes during the periparturient period (Goff and Horst, 1997; Goff et al., 2002). Dry 
matter intake begins to decline 3 weeks prepartum and hastens during the final 7d prior to calving 
(Zamet et al., 1979; Bertics et al., 1992). Last 2 weeks before calving, dry matter intake decreases by 
30-35% which does not recover 1-2d after calving (Grummer, 1995; Goff and Horst, 1997).  
The metabolism of ruminants is dependent on glycogenesis and glycogenolysis as well as 
lipogenesis and lipolysis for energy management, which makes dairy cows particularly sensitive to 
stress (Giesecke, 1985). Increased nutrient demands for colostrum and milk production, increased 
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nutrient demands for fetal growth and decreased dry matter intake, combined with unique ruminant 
metabolism, results in a state of negative energy, calcium and protein balance. Furthermore, there is 
an increased oxygen requirement and profound changes in circulating hormones, minerals, and 
vitamins toward the end of gestation and early lactation (Bell, 1995; Grummer, 1995; Waller, 2000; 
Goff et al., 2002; Gitto et al., 2002). In response to negative energy and protein balance, body reserves 
are mobilized and predispose the animal to metabolic disorders (Goff and Horst, 1997). This 
increment in fatty acid mobilization coincides with diminishing dry matter intake to provide fuel for a 
growing fetus and for maternal tissue (Grummer, 1993). Oxygen-derived reactants, collectively 
termed reactive oxygen species, are increased during end of gestation due to augmented oxygen 
demand. The periparturient imbalance between production of reactive oxygen species and availability 
of antioxidants may increase oxidative stress (Miller et al., 1993; Brzezinska-Slebodzinska et al., 
1994). Antioxidant levels are not sufficient to thoroughly control of oxidative stress around calving 
(Miller et al., 1993; Brzezinska-Slebodzinska et al., 1994; Drackley, 1999). Oxygen is a necessary 
agent for microbicidal process of phagocytosis by neutrophils and macrophages (Targowski, 1983) 
and can be impaired at low oxygen tensions (Klebanoff et al., 1975; Hohn et al., 1976). 
 Acute deficiencies of nutritional factors that are necessary for maintenance of the immune system 
occur when parturition approaches and this can last from a few d to several week (Goff and Horst, 
1997). It seems logical that modifications of DPL may influence the cellular immune status of cows 
by altering the metabolic, hormonal/local or nutritional status at prepartum. 
 
8.2.1. Modulation of Leukocyte Function by Metabolic Factors 
 It appears that the prepartum metabolic profile is altered in cows with modified DPL. Low glucose, 
ketosis, fatty liver, and elevated non-esterified fatty acids (NEFA) are known to have negative effects on 
immune function in cattle (Targowski and Klucinski, 1983; Wentink et al., 1997; Kaneene et al., 1997; 
Hoeben et al., 1997, 2000; Sartorelli et al., 1999; Lacetera et al., 2001, 2005; Burvenich et al., 2007). 
Lower concentrations of NEFA periparturiently have been reported for cows with SDP or omitted dry 
periods (Andersen et al., 2005; Rastani et al., 2005; Watters et al., 2008). Beta-hydroxybutyric (BHBA) 
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and glucose concentrations remain unchanged periparturiently between cows with standard and 
shortened or eliminated dry periods (Rastani et al., 2005). However, lower concentrations of BHBA in 
early lactation and higher concentrations of glucose at peripartum have also been reported in CM cows 
(Andersen et al., 2005). Concentrations of liver triglycerides and liver glycogen in CM and SDP cows 
do not differ from those of cows on standard dry periods at prepartum but may have lower liver 
triglycerides than controls during the subsequent lactation (Andersen et al., 2005; Rastani et al., 2005).  
Lymphocyte function and number are reduced by a negative energy balance. Blood T cell 
populations decrease as parturition approaches and reach a nadir at calving (Kimura et al., 1999a). 
Impaired lymphocyte function and response to mitogens around parturition have been demonstrated 
(Saad et al., 1989; Kehrli et al., 1989b; Lacetera et al., 2005). The CD4 to CD8 T cells ratio in bovine 
blood varies depending on the lactation stage, and this ratio is 3 to 1 around calving (Hurley et al., 1990; 
Park et al., 1992; Shafer-Weaver et al., 1996; Lacey-VanKampen and Mallard, 1998). In general, 
lymphocyte and granulocyte function may be inhibited by increased levels of ketone bodies and/or 
NEFA, and by decreased levels of glucose and/or insulin (Kremer et al., 1993; Wentink et al., 1997; 
Sartorelli et al., 2000; Lacetera et al., 2002, 2004). Ketosis and fatty liver have also been associated with 
leucopenia (Reid et al., 1986; Franklin et al., 1991). This is because glucose provides the major energy 
supply for leukocytes (Weisdorf et al., 1982), whereas ketone bodies are highly diffusible and less 
metabolizable by leukocytes (Lavau et al., 1978; Lean et al., 1992). BCS reflects the energy status that 
may influence lymphocyte function in cows around calving (Lacetera et al., 2005). It has been shown 
that peripheral blood mononuclear cells from fat cows secrete less interferon-γ (IFN-γ) than those from 
thin cows or cows of medium condition one week before calving (Lacetera et al., 2004). Several 
mechanisms have been suggested to account for interference of fatty acids with lymphoid cell functions: 
perturbation of properties of cellular membranes, suppression of cytokine synthesis, formation of lipid 
peroxides and induction of necrosis or apoptosis (De Pablo and De Cienfuegos, 2000).   
Important PMN functions, like migration and phagocytosis, are also impaired at parturition and may 
be attributed to negative energy status and endocrine changes (Kehrli et al., 1989b; Saas et al., 1989). 
The phagocytic capacity of macrophages is also decreased at parturition. Adhesion molecules cluster 
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differentiation 62L (CD62L or L-selectin) and CD11b/CD18 (Mac-1) are of vital importance for 
migration of blood PMN to the site of inflammation (Burton et al., 1995; Nagahata et al., 1995; Lee et 
al., 1998; Preisler et al., 2000). Decreased expression of L-selectin on circulatory PMN has been 
reported around parturition (Kimura et al., 1999b; Meglia et al., 2001; Monfardini et al., 2002). The 
expression of Mac-1 on bovine PMN was shown to be increased gradually as parturition approaches 
(Lee and Kehrli, 1998). These phenomena are responsible for the short lasting increase in circulatory 
PMN around parturition. The activity of myeloperoxidase by bovine PMN begins to decline from 
baseline approximately 2 week prepartum and reaches a minimum level during the first 7 to 10 d 
postpartum (Kimura et al., 1999b). Phagocytic activity of bovine PMN is reduced in parallel with 
decreased serum glucose concentrations (Newbould, 1973). Negative relationships between PMN 
functions and plasma concentrations of ketone bodies have previously been described for sheep, dairy 
cows and human (Hoeben et al., 1997, 2000; Suriyasathaporn, 2000; Sartorelli et al., 2000; Burvenich et 
al., 2007). The phagocytic activity of blood and milk macrophages is also decreased when cells are 
incubated in vitro with BHBA and acetoacetate (Klucinski et al., 1988). 
 
8.2.2. Modulation of Leukocyte Function by Hormonal Factors 
 There is very little information about changes in systemic and local endocrine factors that are 
influenced by DPL in the peripartum period. Greater concentrations of serum estradiol before calving 
were reported for cows with traditional dry periods than for cows with no dry period (Gumen et al., 
2005). However, circulating progesterone was not altered by DPL in the same experiment (Gumen et 
al., 2005). Plasma insulin and ST concentrations during late pregnancy were not influenced by omission 
of the dry period, but greater concentrations of insulin were reported for CM cows during early stages of 
the next lactation (Andersen et al., 2005).  
Lymphocyte function and number are influenced by hormonal and local changes. Plasma insulin 
concentration is highest in the last 3 week compared with week 5 and week 4 before calving (Andersen 
et al., 2005). Insulin may influence the activity of lymphocyte subpopulations by interfering with the 
expression of insulin-like growth factors (Kooijman et al., 1992). The level of corticosteroids is 
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increased at calving (Smith et al., 1973; Guidry et al., 1976). Corticosteroids are known to inhibit 
lymphocyte activation (Guidry et al., 1976) and high concentrations of serum cortisol at parturition may 
influence lymphocyte activity in cows (Ishikawa, 1987), as glucocorticoids are known to suppress 
immunity (Roth et al., 1982b; Lan et al., 1995). Plasma cortisol increases four-fold at parturition 
(Nagahata et al., 1988). Previous literature has shown that δγ T cells in the blood, IgM in mammary 
secretions and expression of major histocompatibility complex on mononuclear cells are all decreased 
by glucocorticoids (Nonnecke et al., 1997; Kehrli et al., 1999; Burton and Erskine, 2003). Regulatory 
roles of steroid hormones on maternal immune response during pregnancy have been proposed (Siiteri 
et al., 1977), and it has been demonstrated that progesterone inhibits lymphocyte activation in vitro 
(Mendelson et al., 1977; Mori et al., 1977; Wyle and Kent, 1977). Progesterone declines abruptly during 
the last 2d of gestation before parturition (Paape et al., 1995; Bell, 1995; Moreira da Silva et al., 1998; 
Akers, 2002). Recombinant bovine somatotropin (rbST) improves T-cell proliferation (Burton et al., 
1991b), increases the proliferative responsiveness of peripheral blood lymphocytes (Burton et al., 
1991b), enhances the number of circulating PMN (Burton et al., 1992) and augments the production of 
reactive oxygen intermediates in the phagosome of neutrophils (Arkins et al., 1993). 
Alterations in hormonal and local factors can also influence PMN function and number. 
Corticosteroids are released from the adrenal cortex in response to stress and can have significant effects 
on the circulation and functional capacities of immune cells (Roth et al., 1990; Dhabhar 1995, 1996). 
Neutrophilia is induced by corticosteroids, by an increasing output of PMN from the bone marrow and 
by increasing PMN demargination from the blood vessel wall (Roth et al., 1982b; Lee and Kehrli 1998). 
PMN function is impaired and blood leukogram is altered by high concentrations of cortisol (Roth et al., 
1982a; Murray and Chenault, 1982; Jayappa and Loken, 1983; Burton et al., 1995). Changes in 
progesterone, estradiol, IGF-I, and ST have the potential to modify PMN and lymphocyte functions 
(Moreira da Silva et al., 1997). Enhanced PMN function in response to rbST has been reported (Kelley, 
1989; Burvenich et al., 1999). However, no effect of rbST on chemiluminescence, diapedesis, and the 
expression of adhesion receptors of circulating PMN was reported in another study (Hoeben et al., 
1999).  
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In bovine, the concentration of IGF-I is maximal around the period of involution (Vangroenweghe 
et al., 2005). IGF-I is produced by mammary stromal cells (Cohick, 1998; Collier et al., 2004) and 
involves in the homeostasis of the immune system by enhancing granulopoiesis, cell proliferation and 
cell survival (Collier et al., 1985; Shamay et al., 1988; Baumrucker and Stemberger, 1989; Winder et 
al., 1989; McGrath et al., 1991; Peri et al., 1992; Purup et al., 1995; Hadsell et al., 1996; 
Neuenschwander et al., 1996; Hadsell et al., 2001; Kooijman et al., 2002). IGF-I inhibits apoptosis of 
freshly isolated peripheral blood PMN, without altering the secretion of interleukin-8 (IL-8), IL-6 or 
tumor necrosis factor-α by these cells (Kooijman et al., 2002).   
A high level of progesterone negatively affects in vitro PMN oxidative burst activity (Moreira da 
Silva et al., 1997). Prepartum changes in bovine PMN functions have been linked to high 17β-estradiol 
concentrations in blood plasma (Rothet al., 1982a, 1983; Burvenich et al., 2007). Conversely, the 
oxidative burst activity of PMN from ovariectomized cows was not changed significantly in vitro at 
both physiological and pharmacological levels of progesterone, 17β-estradiol and estrone (Winters et 
al., 2003). The number of viable PMN was decreased after 17β-estradiol treatment, but no effect of 
progesterone was found (Lamote et al., 2004a). 17β-estradiol treatment was shown to inhibit the 
proliferation of granulocyte progenitor cells in vitro (Van Merris et al., 2004). 
 In general, the influence of sex steroids on PMN function and number is very complex and their 
mechanism of action is not completely understood. Furthermore, some discrepancies have been found 
between in vitro and in vivo studies. Information on the interaction between sex steroids and bovine 
PMN is also scarce (Burvenich et al., 2003). During the last week of pregnancy, 17β-estradiol rises 
sharply, peaks 3d prior to parturition and falls quickly to basal levels a calving (Henricks et al., 1972; 
Convey, 1974; Tucker, 1981; Burvenich et al., 2007). It has been hypothesized that 17β-estradiol may 
contribute to the induction of a compromised PMN function around parturition (Burvenich et al., 2007). 
Recently, we detected estrogen receptors on bovine blood PMN at both protein and mRNA level 
(Lamote et al., 2006 and 2007). Glucocorticoids prevent PMN margination by reducing the expression 
of L-selectin and CD18 on PMN (Burton et al., 1995). In conclusion, PMN function in dairy cows is 
most likely affected by multitude of endocrine factors. 
CHAPTER I-ESSAY ON THE DRY PERIOD 
 
 
 49 
 
 
  
8.2.3. Modulation of Leukocyte Function by Nutritional Factors  
To our knowledge there is little information about alteration in nutritional factors periparturiently in 
cows with modified DPL. Gulay et al. (2004) demonstrated that concentrations of calcium in serum did 
not differ because of dry period treatment. Similarly, Andersen et al. (2005) reported no difference on 
plasma calcium concentration in late pregnancy between two groups (0 and 49d DPL).  
The function and number of PMN and lymphocytes are also influenced by changes in nutritional 
factors. Chronic decreases in retinol, α-tocopherol, zinc and selenium in plasma are associated with 
severe health problems and loss of immune function (Herdt and Stowe, 1991; Michal et al., 1994; Smith 
et al., 1997). These micronutrients are cellular antioxidants, preventing peroxidative damage in cell 
membranes (vitamins) or in the cytoplasm (trace elements), and are essential for proper functioning of 
the immune system (Miller et al., 1993; Weiss, 2002). It has been shown that blood retinol, α-tocopherol 
and zinc concentration are lower in the immediate periparturient period (Pryor, 1976; Johnston and 
Chew 1984; Goff and Stabel, 1990; Goff and Stabel, 1990; Weiss et al., 1990b; Xin et al., 1993; Miller 
et al., 1995; Meglia et al., 2001; Meglia et al., 2004). Phagocytosis and intracellular killing of some 
mastitis pathogens by PMN is suppressed by selenium deficiency (Gyang et al., 1984; Smith et al., 
1984, 1997; Grasso, 1987). High concentrations of 1,25-(OH)2 D are known to impair PMN function 
and lymphocyte blastogenesis (Lemire et al., 1985; Reichel et al., 1987). 
 It has been demonstrated that calcium, phosphorus and potassium, decreased significantly at 
calving (Meglia et al., 2001). Adhesion of circulating leukocytes to the vascular endothelium is critical 
for effective host inflammatory and immune responses (Paape et al., 1991). Calcium and magnesium are 
required for proper expression of the CD11b epitope on PMN (Leino and Sorvajarvi, 1992; Leino and 
Paape, 1993). The CD11b epitope together with CD18 forms the complement receptor 3 (CR3). This 
receptor is essential for adherence of PMN to endothelium and their subsequent recruitment to sites of 
infection (Kehrli and Shuster, 1994). The CR3 also promotes binding of both unopsonized bacteria and 
C3bi opsonized bacteria. Also, phagocytosis of opsonized and unopsonized E. coli is calcium and 
magnesium-dependent (Dosogne et al., 1998).  
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A lowered bactericidal activity of blood leukocytes in cattle and sheep may be caused by cupper 
deficiency (Jones and Suttle, 1981; Xin et al., 1991), probably because of decreased superoxide 
dismutase activity of PMN due to cupper deficiency (Xin et al., 1991). Blood cupper levels have been 
reported to both increased (Meglia et al., 2001) and decreased (Hidiroglou and Knipfel, 1981; Xin et al., 
1993) before parturition.  
Function of lymphocytes and PMN also are impaired during retinol deficiency (Ongsakul et al., 
1985; Tjoelker et al., 1988). In vitro phagocytosis and intracellular killing of live Staphylococcus aureus 
by bovine milk PMN are stimulated by retinol and retinoic acid (Tjoelker et al., 1990).  
β-carotene increased the killing ability of blood and milk phagocytes (Daniel et al., 1991b) as well 
as in vitro proliferation of peripheral blood lymphocytes (Daniel et al., 1991a) from peripartum dairy 
cows. Plasma β-carotene and vitamin A decrease sharply from 4 week prepartum to calving (Sutton et 
al., 1946).  
In multiparous cows, the plasma concentration of vitamin E is decreased from 7 d prior to 
parturition (Weiss et al., 1990; Hogan et al., 1993). An association has been found between plasma 
vitamin E concentration and PMN function and IMI rate (Hogan et al., 1989, 1992; Kehrli et al., 1989a; 
Weiss et al., 1990). Deficiency of α-tocopherol reduces phagocytic cell function (Boxer et al., 1979; 
Boxer, 1986; Hogan et al., 1990). Vitamin E and glutathione peroxidase both are cellular antioxidants at 
membrane and cytosol, respectively, protecting phagocytic cells and surrounding tissues from the 
destructive action of toxic oxygen molecules (Putnam and Comben, 1987; Hogan et al., 1990, 1993). 
1,25-(OH)2 D induces less production of IFN-γ and IL-2, and more IL-4, IL-5, and IL-10 by 
lymphocytes (Daynes et al., 1996). Beneficial effects of vitamin A and β-carotene on lymphocyte 
function have also been noted (Chew, 1987). We demonstrated that all-trans- and 9-cis-retinoic acid 
stimulate the growth of granulocytes colonies (Van Merris et al., 2004). In general, dietary deficiencies 
have been associated with increased prevalence of mastitis. For example when concentration of vitamin 
E is lowest in dairy cows, the occurrence of IMI is highest and function of PMN is depressed. Function 
of PMN and lymphocytes is influenced negatively due to deficiency of nutritional factors. 
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9. CONCLUSION  
Although shortening the dry period has been reported to cause negligible milk production loss, the 
majority of recent studies shown that milk yield is reduced in cows with short dry periods. Omitting the 
dry period completely in dairy cows causes considerable milk production loss in the next lactation. This 
is most likely attributed to reduced cell turnover and replacement of senescent MEC and progenitor cells 
during late gestation in these animals, so that senescent MEC have less secretory ability and 
proliferative capability in the following lactation. However, there is some evidence that administration 
of bovine ST during lactation may reduce the necessity for an 8 week dry period. 
Very little is known about the immune status of cows with modified DPL. Particularly, the bovine 
mammary gland defense in cows with modified DPL is an area in need of further research. Shortening 
the dry period may improve the ability of the immune system to combat IMI, which is typically 
compromised at dry-off. We predict this to be a consequence of minimizing the accumulation of milk or 
its components in the mammary gland, because this accumulation interferes with efficacy of phagocytic 
components of the immune system. Milking cows continuously may also strengthen the immune system 
by not only removing milk accumulation effects, but by increasing the flushing and teat end disinfection 
during late gestation. Modifying the length of the dry period may influence the rate of new IMI 
occurrence during the dry period, by changing the composition of mammary secretions. Additionally, 
the immune system of cows with altered DPL may be influenced periparturiently by the impact on 
metabolic, hormonal, local and nutritional factors. We conclude that there is a need to integrate 
mammary gland biology and defense mechanisms in studies dealing with modified dry period lengths. 
In this chapter, we have presented evidences for a negative association between the level of milk 
production (and milk accumulation) at dry-off, and cure rate of intramammary infections. Reduced milk 
accumulation at drying off lessens the immunodeficiency over this period by hastening the process of 
early involution. During the mid dry period there is no milk secretion, and inflammation is not 
necessary for the defense of the gland against invasion of pathogens. Consequently, there is less damage 
to cells. In many cows, milk production decreases gradually as lactation proceeds and calving 
approaches. However, in some cows, milk production does not show such a striking gradual decrease 
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and milk production remains high until the end of lactation. Specifically in these cows, shortening the 
dry period length permits having a prolonged lactation and consequently minimized milk production at 
dry-off. Immune deficiency might be reduced in SDP cows because of low milk production at dry-off.  
In addition to management of the dry period length, there could be other options to achieve this 
goal. A small molecular weight glycoprotein, feedback inhibitor of lactation (FIL), has been proposed to 
be involved in the reduction of milk synthesis and functional differentiation of secretory cells at milk 
stasis (Knight et al., 1998). Identification and characterization of new molecules may open perspectives 
for the development of new drugs. Proteomics and peptidomics should be of great help in identifying 
the candidate proteins and peptides involved in local control of milk secretion. These molecules and 
their possible interactions with FIL may provide important keys to manipulating early involution and 
mammary defense.  
Finally, modification of the length of calving interval could be another management option to 
manipulate the involution process after milk cessation. Although, economically desired calving interval 
is now around one year, lengthening the calving interval might have a modulatory effect on mammary 
defense against infections in terms of relatively reduced milk production and lowered 
immunodeficiency over drying off in these cows. There is however, no direct evidence to change the 
management of the dry period in terms of mammary defense. 
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CHAPTER II 
POINTS OF INTEREST, QUESTIONS AND 
GENERATION OF HYPOTHESES 
The general objective of this thesis is to investigate the biology and defense of bovine mammary 
gland in primiparous cows. The dry period is necessary to facilitate cell turnover in the bovine 
mammary gland and to maximize milk production in the next lactation (Hurley 1989; Capuco et al., 
1997). The influence of dry period length on the performance of dairy cows has been a controversial 
subject. Shortening the dry period was reported to cause negligible milk production loss (Schairer 
2001; Bachman 2002; Gulay et al., 2003; Annen et al., 2004) or considerable reduction of milk 
production (Madsen et al., 2004; Gulay et al., 2005; Rastani et al., 2005; Kuhn et al., 2005b, 2007). 
One possible reason for this apparently controversial result is that less attention has been drawn 
towards the importance of parity in cows given short dry periods. Experimental evidence suggests that 
mammary gland of primiparous cows is not completely developed: primiparous cows are less 
productive than multiparous cows during early lactation. Moreover, primiparous cows have only 
experienced the dry period of first pregnancy and this might explain the incomplete development of 
mammary gland in these cows.  
 
 
 
 
 
 
1
st
 hypothesis: shortening the dry period does not provide optimal time for turnover of 
mammary cells in primiparous cows, subjecting these cows to short dry periods causes milk 
production loss in the subsequent lactation (Fig. 1). 
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To test the 1
st
 hypothesis that shortening the dry period does not permit to maximize the milk 
production in the subsequent lactation in primiparous cows, primiparous and multiparous cows were 
subjected to short and traditional. 
The dry period is an important focus for mastitis control strategies in dairy herds (Neave et al., 
1950), because many new intramammary infection (IMI) that occur at the end of dry period carry into 
the next lactation and cause clinical coliform mastitis (Hogan and Smith, 2003). Escherichia coli (E. 
coli) is the major species causing coliform mastitis. There is a flare-up of infections around calving 
and early lactation (Bradley and Green, 2000). A large variation in the severity of E. coli mastitis is 
observed among cows during early lactation (Vandeputte-Van Messom et al., 1993; Dosogne et al., 
1997), but clinical severe cases are mostly seen among multiparous cows rather than primiparous 
cows during this period (Vangroenweghe et al., 2004) (Fig. 2). In a previous study, Vangroenweghe 
et al. (2004) found no severe responders among primiparous cows in early lactation (Fig. 2A). 
However, Dosogne et al. (1997) classified 5 out of 12 multiparous cows as severe responders in early 
lactation (Fig. 2B). There is evidence that the intensity of local reactions caused by eicosanoids may 
play an important role in the severity of E. coli mastitis during early lactation (Burvenich and Peeters, 
1982; Vangroenweghe et al., 2005).  
 
 
 
 
 
 
 
To test the 2nd hypothesis, primiparous cows were infused intramammarily with E. coli during 
early lactation (ad hoc) and the outcome of E. coli mastitis was investigated in relation with 
magnitude of eicosanoid response (Fig. 1). 
2
nd
 hypothesis: intensity of locally produced eicosanoids can influence the outcome of 
experimental E. coli mastitis during early lactation in primiparous cows (Fig. 1). 
CHAPTER II-QUESTIONS AND HYPOTHESES 
 
 
 87 
 
 
 In the lactating bovine mammary gland, innate immunity is the most important defense system 
(Burvenich et al., 2007). Innate immunity is primarily mediated by pattern recognition receptors, 
peptides and small proteins to fight off dangerous microbes (Burvenich et al., 2007). Antimicrobial 
peptides like bactericidal β-defensin peptides represent efficient effector molecules within the innate 
immune defense (Zasloff, 2002). For example, the abundance β-defensin5 expression was identified 
to be increased more than 10-fold by IMI in mammary epithelial cell (Goldammer et al., 2004). The 
mucosal cells of the mammary gland may produce antimicrobial peptides as the first line of defense 
against microbial colonization or infection during the dry period.  
 
 
 
 
 
 
 
To investigate the importance of peptides produced during the dry period in severity of E. coli 
mastitis, peptidomic applications are used to identify the in vivo biologically present peptides 
(Soloviev and Finch, 2005). Mass spectrometry is one of the applied techniques in this field. Before 
orthogonal chromatographic analyses of bovine udder with mass spectrometry detection and 
multivariate analysis of the data, it is essential to develop appropriate analytical methods including the 
initial sample preparation step. Due to shortage of time, we were unable to present the results 
concerning the initial aim of the study in investigating the influence of peptides produced during the 
dry period on the outcome of E. coli mastitis. In other words, this study is under investigation and 
hence is not included in this thesis. However, some developmental analytical aspects of bovine 
mammary gland are discussed in this doctoral thesis. 
  
3rd hypothesis: production of peptides during the dry period influences the growth of bacteria 
at the end of dry period that are involved in the dormant infections without any inflammatory 
reactions (Fig. 1). 
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Fig. 1. Scheme representing the points of interest for this doctoral thesis. The dry period 
(DP) is necessary to facilitate cell turnover in the bovine mammary gland. Primiparous 
cows experience the DP of first pregnancy. This may indicate that the mammary gland of 
primiparous cows is not completely developed. We hypothesized that shortening the dry 
period does not provide optimal time for turnover of mammary cells in primiparous cows, 
subjecting these cows to short dry periods causes milk production loss in the subsequent 
lactation (A). The dry period is an important focus for mastitis control strategies in dairy 
herds. A large variation in the severity of E. coli mastitis is observed among cows during 
early lactation, but clinical severe cases are mostly seen among multiparous cows rather 
than primiparous cows during this period. There is evidence that during early lactation the 
locally released eicosanoids may play an important role in the severity of E. coli mastitis. 
Moreover, the mucosal cells of the mammary gland may produce antimicrobial peptides as 
the first line of defense against microbial colonization or infection during the dry period. 
We hypothesized that both the antimicrobial peptides during the dry period and intensity of 
local reactions caused by eicosanoids around calving can influence the outcome of E. coli 
mastitis (B). 
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Fig. 2. Percentage of initial quarter milk production (MP) in the uninfected 
quarters on d +2 (postinfusion h 48 to 72) relative to infection. A. Primiparous 
cows infused with 1 × 10
4
 or 1 × 10
6
 cfu of Escherichia coli P4, O32:H37 in both 
left quarters (Vangroenweghe et al., 2004). B. Multiparous cows infused with 
1 × 10
3
 cfu of Escherichia coli O157 in both left quarters and scored into 
moderate (n = 7) and severe (n = 5) clinical response (Dosogne et al., 1997; 
historical control). Means (•) and standard deviation (I) of percentages of initial 
MP in the uninfected quarters were given for each group. Line (....) at 50% of 
initial MP arbitrarily indicates the difference between moderate and severe 
responders (adapted from Vangroenweghe et al., 2004).  
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CHAPTER III 
SHORT DRY PERIODS  
FOR DAIRY COWS 
1. INTRODUCTION 
It is well established that a dry period is required to replace senescent mammary epithelial cells, 
increase the epithelial component of the gland before the next lactation and consequently maximize 
the milk yield in the subsequent lactation in cattle (Coppock et al., 1974; Hurley, 1989; Capuco et al., 
1997; Cameron et al., 1998; Capuco et al., 2003; Rastani et al., 2005; Annen et al., 2007).  
Historical studies have shown that an optimal dry period length (DPL) is between 50 and 60 days 
(d) (Funk et al., 1987; Sorensen and Enevoldsen, 1991; Makuza and McDaniel, 1996). This has been a 
management constant for most dairy farms since World War II (Bachman and Schairer, 2003). 
 It has long been known that shortening the dry period (to <40 d) depresses milk yield (Coppock 
et al., 1974; Swanson, 1965; Wheelock et al., 1965). However, recent studies in the United States 
have supported the use of shorter dry periods with minimal effects on subsequent milk yields (Gulay 
et al., 2003; Annen et al., 2004; Rastani et al., 2005). Additional milk is produced in the previous 
lactation when the dry period is reduced, which is beneficial if there is no yield depression in the 
subsequent lactation. Some studies reported that long dry periods (70d) have negative effects on milk 
production in the next lactation (Schaeffer and Henderson, 1972; Sorensen and Enevoldsen, 1991). 
Lengthening the dry period (to > 60 d) may increase costs and decrease the productive longevity of 
dairy cows (Hurley, 1989). Complete omission of the dry period results in considerable depression in 
milk synthesis and secretion (11-25%) during the next lactation (Smith et al., 1967; Remond et al., 
1992; Rastani et al., 2005), unless somatotropin is used (Annen et al., 2004).  
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Most studies with the purpose of determining optimal dry period length have been carried out 
with observational data without any randomized assignment of cows to different DPL (Smith and 
Legates, 1962; Wilton et al., 1967; Smith and Becker, 1995). Also, the majority of these studies have 
been carried out in one region of the world, limiting the universality of the conclusion. Few studies 
with randomized assignment of cows to different DPL have been conducted (Bachman 2002; Gulay et 
al., 2003; Annen et al., 2004; Andersen et al., 2005; Gulay et al., 2005; Gumen et al., 2005; Rastani et 
al., 2005). These studies reported a range in milk yield changes from a 10% decrease to a 1% increase 
when the dry period length was shortened from 50-57 d to 30-34 d. However, depression in milk yield 
in the subsequent lactation was somewhat compensated by extension of the lactation period in the 
previous lactation (Bachman and Schairer, 2003; Grummer and Rastani, 2004; Kuhn and Hutchison, 
2005).  
Involution of the mammary gland during the dry period is associated with mammary cell 
apoptosis and proliferation. Mammary epithelial cell turnover during the dry period is very important 
for replacement of senescent cells. Mammary involution in ruminants is not as extensive as that in 
rodents (Pandey et al., 1978; Li et al., 1999). Therefore, the optimum length of the dry period may be 
shorter than previously considered. Indeed, recent animal experiments proposed that a 30-to 40-d dry 
period is sufficient for maximizing the number of active differentiated secretory cells in cattle 
(Schairer, 2001; Bachman, 2002; Gulay et al., 2003; Annen et al., 2004; Rastani et al., 2005). We 
hypothesized that short dry periods can be applied more successfully for multiparous cows rather than 
primiparous cows.  
The reproductive status of dairy cows with different DPL has been reported previously (Annen et 
al., 2004; Gumen et al., 2005), but these authors considered that the number of animals was too small 
to draw a conclusion. It has been proposed that a short dry period could be an appropriate 
management strategy to reduce the frequency of dietary changes during the dry period, potentially 
leading to optimum energy balance of cows in the subsequent lactation (Grummer and Rastani, 2004). 
Reduced dietary changes in the dry period may improve the survival of desirable populations of 
rumen microbial flora. To our knowledge, no between-cow study has investigated the influence of 
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dietary change frequencies or feeding management during the dry period on productive efficiency, 
reproduction and health status of dairy cows subjected to short DPL.  
The objective of this study was to determine whether shortening the dry period associated with 
dietary change frequencies would affect performance and energy status of primiparous or multiparous 
lactating dairy cows.  
 
2. MATERIALS AND METHODS 
2.1. First Experiment 
2.1.1. Cows, Treatment and Feeding 
One hundred and twenty-two primiparous and multiparous Holstein cows were assigned to a 
completely randomized design with 56-, 42-, and 35-d DPL. Cows were selected for the study using 
the following criteria: 1) no clinical mastitis and somatic cell count (SCC) < 300,000 cells; 2) days 
open < 200 d; and 3) mean milk production > 20 kg/d. Experimental cows were not supplemented 
with bovine somatotropin. Actual DPL for respective treatments (TRT) were 56 ± 5.1 d, 42 ± 2.1 d, 
and 35 ± 2.7 d. Fourteen cows were removed from the study; the reasons for animals leaving the study 
are presented in Table 1. One hundred and eight cows were included for statistical analyses.  
 
Table 1. Summary of the number of cows in each group, cows removed from each group, and reasons for 
removal 
1
Cows were removed from the study plan in the first days of experiment and before calving. 
2
Sudden shock because of fast jugular administration of antibiotic by milking personnel at milking parlor. 
3
Severe lameness and inability to move. 
 
Length of dry period n Cows removed Reasons of removal 
35 d 35 9 
Incorrect dry period length (6), 
Metabolic disease1 (1) and 
clinical mastitis1 (2) 
42 d 37 3 
Died-suddenly2 (1), Incorrect 
dry period length (2) 
56 d 36 2 Injured3 (1), No data (1) 
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All cows were inspected at dry-off by farm veterinarians and cows that had mastitis at that time, 
were removed from the experiment. Teat dipping was routinely performed at milking, and teats were 
sealed with teat sealer (Dry Flex, Solocup, Chicago, IL) after the last milking at dry-off. Milking 
machines (DeLaval, Tumba, Sweden) were evaluated routinely and maintained per the manufacturer’s 
recommendation. Cows were housed in individual stalls and the conception status was confirmed by 
transrectal palpation. Cows were transitioned to special pens with deprivation of food for 24 h (abrupt 
cessation). Dry cows were housed in 2 pens: a far-off group (from 60 to 35 d before expected calving) 
and a close-up group, (35 d before expected calving) and barns were bedded with barley straw once 
daily (Fig. 1). The management procedure followed in assigning cows to the 3 dry period lengths is 
summarized in Figure 2. Cows assigned to the 56- and 42-d TRT had 3 diet changes including late 
lactation diet to far-off diet, far-off diet to close-up diet, and close-up diet to early lactation diet (Fig. 
2), whereas cows in the 35 d TRT experienced only 2 diet changes (late lactation diet to close-up diet 
and close-up diet to early lactation diet; Fig. 2). At the time of moving cows from the far-off to the 
close-up pen, cows were injected with 3,000 IU of vitamin AD3E (Nasr Pharmaceutical Co., 
Khorasan, Iran). Immediately after calving, cows were moved to the fresh-cow pen and fed the 
lactation ration. All cows were fed total mixed ration formulated based on production level and 
gestation stage. In addition, they received wheat straw ad libitum during the dry and postpartum 
periods and had free access to water. Feed delivery was done 2 and 3 times a day at 0800 and 1700 h, 
and 0600, 1400, and 2200 h, respectively, for the dry period and postcalving. Further, all cows 
received mineral lick blocks (Shirindaneh, Shiraz, Iran) to meet mineral requirements. 
 
2.1.2. Body Condition Scoring 
Body condition score (BCS) was recorded 3 times during the experiment: at dry-off, calving, and 
at 15 week of lactation. The same assessor assigned BCS to each cow on a scale of 1 (emaciated 
cows) to 5 (severely overconditioned; Lowman et al., 1976) with 0.25-unit increments. The method 
was based on a visual and tactile appraisal of body fat reserves in the back and pelvic regions. 
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Fig. 1. The scheme is the lactation curve of dairy cows. This curve depicts a cow’s milk yield after 
colostrogenesis to drying-off (about 305 day). Milk production starts at a relatively high rate and 
reaches to peak within 3-6 weeks of lactation. After peak of lactation, milk production gradually 
declines until drying-off. The dry or non-lactating period is a time between halting of milk removal 
and the next calving. Generally, 60 day is a standard dry period length. For nutritional management 
purposes, dry cows are housed in two pens: far-off and close-up groups, during the dry period. The 
next figure focuses on the “far-off and close-up” window. 
 
 
Fig. 2. Details of the “far-off and close-up” window. Management scheme of 
cows subjected to dry periods treatments (TRT) of 35, 42, and 56 d. Cows 
subjected to a 35-d treatment were transitioned to a close-up dry cow pen and 
fed a close-up ration at the time of milk stasis. After milk cessation, cows in the 
42- and 56-d groups were transitioned to far-off dry cow pen until 35 d before 
expected calving date, and then transferred to the close-up pen and fed a close-
up ration until calving. 
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2.1.3.  Sample Collection 
Feed Samples. Feed samples were collected weekly and stored in plastic bags at -20°C until 
analysis. Feed samples were analyzed for crude protein, ether extract, ash, dry matter, acid detergent 
fiber, and neutral detergent fiber. These measurements were used for estimating net energy for 
lactation (NEL) [National Research Council (NRC), 2001]. For prepartum diets, NEL (Mcal/kg) was 
computed based on a cow weighing 650 kg and consuming 11.5 kg of dry matter/d (NRC, 2001). 
Constituents and composition of feeds are summarized in Table 2. 
Blood Samples. Approximately 10 mL of blood was sampled from each cow 1 week before 
expected calving and immediately after parturition. Precalving blood specimens were collected after 
the morning feeding from the coccygeal vein and placed in Vacutainer tubes without anticoagulant 
(Vacutainer, Becton-Dickinson, Franklin Lakes, NJ). Samples were allowed to clot and kept cold on 
ice until they were transferred to the laboratory and centrifuged at 1,850 × g for 20 min at 4°C within 
2 h of blood collection for the separation of serum. Serum was harvested, and each sample was 
divided into 3 aliquots and stored at -20°C for further analyses. 
Milk Samples and Records. Quarter milk samples (50 mL) were collected weekly at 3 
consecutive milkings (0500, 1300, and 2100 h) until the eighth week of lactation. Collected samples 
were analyzed for milk fat, protein, and SCC (Fossomatic 5000, Foss Electric, Hillerød, Denmark). 
Before parturition, the 35- and 42-d TRT had 21 and 7 additional days in milk, respectively because 
of extending the previous lactation period (see Fig. 2). Cows in these TRT were milked 3 times daily 
until dryoff, and total additional milk yield was recorded daily for each TRT separately. Also, 
previous lactation and dry-off-day milk yields were recorded and used as a covariate in data analysis. 
Average daily milk production of cows in the previous lactation (until 60 d before parturition; i.e., 
before assigning the cows in TRT) was used as a covariate for milk production analyses from 3 to 210 
days in milk. Beginning 3 d after parturition, milk yield produced by all cows was recorded daily 
through 210 d of lactation. 
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Table 2. Ingredient and chemical composition (dry matter basis) of total mixed ration fed to Holstein cows1 
Ingredient Total mixed ration for fresh cows Total mixed ration for far-off cows Total mixed ration for close-up cows 
Alfalfa hay 32.3 28.89 22.53 
Corn silage 19.08 23.64 28.53 
Wheat straw …… 22.77 10.17 
Barley grain 11.69 1.2 7.97 
Corn grain 8.45 …… 4.83 
Whole cottonseeds 5.02 ……. 1.97 
Cottonseed meal 6.2 9.74 6.29 
Whole soybeans 0.56 …… 5.19 
Soybean meal 5.89 …… ....... 
Fish meal 0.45 …… 6.65 
Fat supplement 1.4 …… ……. 
Rice bran 0.87 11.82 1.32 
Beet pulp 4.89 …… ……. 
Calcium carbonate …… 0.16 0.88 
Calcium sulphate …… …… 0.37 
Chloride sodium …… 0.11 ……. 
Magnesium oxide  …… 0.08 ……. 
Gluten germ 0.87 0.77 0.95 
Urea 0.1 0.11 ……. 
Aluminum silicate …… 0.27 ……. 
Niacin …… …… 0.04 
Vitamin and mineral mix2 2.4 0.44 2.75 
Chemical composition  
(% dry matter basis)  
   
    Dry matter 51.3 53.1 51.6 
    Crude protein 18 14.48 15.51 
    Acid detergent fiber 22.5 27.51 26.08 
    Neutral detergent fiber 40 47.72 42.15 
    Non-fibrous carbohydrate3 35.2 25.4 29.4 
    Ether extract 4.2 3.37 2.91 
    NEL
4 (Mcal/kg) 1.75 1.6 1.59 
1
Feed samples were collected weekly.  
2
Vitamin and mineral mixture (dry matter basis): 40,000 mg/kg Manganese; 40,000 mg/kg Zinc; 16,000 mg/kg Ferrous; 
12,000 mg/kg Cupper; 640 mg/kg Iodine; 240 mg/kg Selenium; 160 mg/kg Cobalt; 4,000 kIU/kg vitamin A; 800 kIU/kg 
vitamin D; and 10 kIU/kg vitamin E. 
3
Calculated as 100 - [(neutral detergent fiber - neutral detergent fiber crude protein) + crude protein + ether extract + 
ash] (NRC, 2001). 
4
Calculated according NRC (2001).  
CHAPTER III-SHORT DRY PERIODS FOR DAIRY COWS 
 
 
102 
 
2.1.4. Chemical Analyses 
Quantification of NEFA, Triglyceride, and Glucose in Blood. Nonesterified fatty acids (NEFA-
C, Wako Chemicals USA, Inc., Richmond, VA; Custer et al., 1983) concentrations were measured 
using colorimetric enzymatic reactions with an automated wet chemistry analyzer (Hitachi 917, Roche 
Diagnostics, Indianapolis, IN). The analyzer was calibrated and controls assayed daily according to 
the manufacturer’s instructions to ensure acceptable assay performance. Total plasma triglyceride 
concentrations were measured by using spectrophotometric analysis and a commercially available 
enzymatic kit (Sigma Chemical, St. Louis, MO). Serum glucose samples were analyzed by using a 
commercial kit (kit Trinder, Sigma Chemical Co.; Trinder, 1969). 
Quantification of IGF-I and Insulin in Blood. Insulin-like growth factor I (IGF-I) was measured 
by double antibody immunoradiometric assays using reagents from Immunotech (Marseille, France). 
The protocol for the IGF-I assay included an acid-ethanol extraction step to release IGF-I from its 
binding proteins. To control the quality, analytical batches systematically included 3 standard sera. 
The intraassay coefficient of variation was 5.5%; the interassay coefficient of variation was 9.7%. 
Serum insulin concentration was measured by radio immuno assay (Hales and Randle, 1963). The 
intraassay coefficient of variation was 5.8%; the interassay coefficient of variation was 4.9%. 
 
2.1.5. Reproduction and Health Disorders 
During lactation, cows were monitored for estrus by milking personnel at milking time and by 
experienced herdsmen. After detection of estrus, cows were inspected by herd veterinarians; those that 
did not have any reproductive disease were inseminated utilizing the a.m/p.m rule (Morton, 2004). 
Pregnancy confirmation tests were performed 60 d after insemination by rectal palpation. 
Reproductive records maintained included days open, services per conception, first-service 
conception, days to first service, and pregnancy rate, and were obtained within 4 months after 
parturition for all cows. The pregnancy rate was defined as the total cows diagnosed as pregnant in 
each TRT over total cows multiplied by 100. 
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Technicians visited the herd every day and recorded health status, and records were verified by 
herd veterinarians. Dystocia (veterinarian-assisted calving and delay in second phase of calving), 
mastitis (inflammation and infection of the udder), displaced abomasums (movement of the 
abomasums to the left and bottom of the rumen), and retained placenta (failure in removing the fetal 
membranes 24 h after calving) were defined as disorders characterized in this experiment. 
 
2.1.6. Statistical Analyses 
Daily milk yields were collapsed into weekly means, and were then subjected to statistical 
analyses. Yields were extended to 305 d of lactation and corrected based on previous 305-d milk 
yield. The PROC MIXED procedure of SAS (SAS Institute, 1999) was used to analyze milk yield and 
composition, BCS, and reproduction and metabolic status data as a completely randomized design 
with repeated measurements. The model used to analyze the data included the fixed effects of dry 
period length, parity, time, 3-way interaction terms of fixed effects, the random effect of cow nested 
within treatment, and the residual errors. Far-off milk yield was considered as a covariate for 
postcalving SCC yield, because previous experiments have indicated that far-off milk yield can affect 
milk SCC yield (Rajala-Schultz et al., 2005). The significant difference level was set as P < 0.05. 
 
2.2. Second Experiment 
2.2.1. Animals, Treatment and Feeding 
This study was conducted on a government dairy farm (900 cows) located in Qazvine, Iran. The 
required number of animals to study parametric traits (i.e. milk yield and milk composition, BCS, 
days open, services per conception and pregnancy rate) was calculated for a standard power value of 
0.8 (significance level α=0.05) based on previously obtained standard deviations and generally 
accepted delta values for each trait (Rosner, 2005). These calculations resulted in the conclusion that 
an average of 30 cows for each treatment is the minimum number required for unbiased statistical 
comparisons. Thus, 70 multiparous Holstein dairy cows were assigned randomly to one of two DPL 
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[i.e, 49 d (n=31) and 28 d (n=39)], approximately 8 week before expected calving. Cows were 
selected for this study based on following criteria: (1) the absence of clinical signs of mastitis and an 
individual SCC < 250,000 cells/mL; (2) number of days open < 200 d, and (3) 3 months before 
expected calving date, average milk production was above 20 kg/d. All cows in both groups calved 
from Jun. 21 to Aug. 13. A total of nine cows were removed because of incorrect DPL, and health 
disorders (i.e., foetus absorption, retained placenta, metritis, lameness and diarrhoea) before assigning 
the cows to treatments (Table 3). As a result, 61 cows were used in the statistical analysis.  
 
Table 3. Summary of management information of cows with two different dry period lengths (DPL) 
Item DPLZ 
Cows 28 d 49 d 
Numbery 34 27 
   Mean Parityx 3.03 3.1 
   Parity rangew 2-8 2-7 
   Removed (n) 5 4 
   Dry-off milk yield (kg/d) 21.1 22.2 
Dry Period (Mean  SD)   
   Actual (d) 28.2  4.6 48.8  4 
   Range (d) 19-37 42-57 
DBCSv   
   Average DBCS (Mean  SD)v 2.8  0.8 2.9  0.7 
   DBCS rangev 1.75 to 4.25 1.75 to 3.75 
Reasons for removing cowsu 
Incorrect dry period length (4), 
Diarrhea (1) 
Fetus absorption (1), Retained placenta 
and metritis (1), Laminitis (1), 
Incorrect dry period length (1) 
z 
Cows subjected to 28-d dry period length (DPL) transferred to close-up pen directly at drying-off time. Cows 
assigned to 49-d DPL experienced far-off period for 21 d before moving to close-up pen. 
y 
Number of cows included in statistical analyses (i.e., excluding the removed cows). 
x 
Mean parity of cows at 7 week before expected calving. 
w 
Parity range of cows at 7 week before expected calving. 
v 
DBCS=body condition score (BCS) at 7 week before expected calving. 
u 
Values within parentheses are number of animals removed from the study. 
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Cows were dried off through gradual cessation of milking. All cows were checked for mastitis in 
combination with intramammary dry cow antibiotic treatment (Benzathine Cloxacilin, Kimia 
Biotechnology co, Arak, Iran). Cows were fed a total mixed ration, three times a day at 0900, 1700 
and 0100 (Tables 4 and 5) to meet their requirements for production and pregnancy (NRC, 2001). 
 
Table 4. Ingredients of close-up, far-off and early lactation total mixed ration fed Holstein dairy cows 
Ingredients 
 Diets (% dry matter)   
Far-off Close-up Early lactation  
Alfalfa hay 9.74 17.9 20.97 
Barley grains 0.85 7.20 10.56 
Cotton seed meal 1.84 2.88 4.22 
Cotton seed with lint - 2.40 3.52 
Corn grains - 3.60 5.28 
Corn silage 77.98 58.07 43.82 
Calcium carbonate 0.12 0.12 0.17 
Calcium soap of fatty acids - - 0.7 
Enzymite 0.24 - 0.7 
Fish meal - 0.48 0.19 
Magnesium oxide 0.12 - - 
Rape seed meal 2.45 0.72 1.05 
Soybean meal - 4.32 6.33 
Salt 0.12 - 0.17 
Sodium bicarbonate - - 0.35 
Vitamin and mineral premixz 0.12 2.28 0.35 
Wheat bran 6.38 - 1.05 
z 
Vitamin and mineral premix contained 5.5% magnesium, 7% potassium, 11.0% S, 3.0% zinc, 3.0% 
manganese, 2.0% ferrous, 0.5% cupper, 0.025% iodine, 0.015% selenium and 0.004% cobalt, 680 000 IU 
vitamin A, 160 000 IU vitamin D and 2000 IU vitamin E. 
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Table 5. Chemical composition of close-up, far-off and early lactation total mixed ration fed Holstein dairy cows 
                                                                    Diets (% dry matter) 
Chemical compositionz Far-off  Close-up  Early lactation 
Dry matter (%) 56.05 70.63 76.95 
NEL (Mcal/Kg)
y 1.52 1.59 1.69 
Crude protein (%) 15.8 18.3 20.4 
Ether extract (%) 2.7 2.9 4.2 
Neutral detergent fiber (%) 47.7 38.3 35.8 
Acid detergent fiber (%) 30 25.9 24 
Calcium (%) 0.62 0.65 0.81 
Phosphorus (%) 0.48 0.40 0.46 
Potassium (%) 1.53 1.48 1.48 
Magnesium (%) 0.48 0.24 0.25 
Sulfur (%) 0.21 0.21 0.23 
Natrium (%) 0.15 0.03 0.31 
Chlorine (%) 0.48 0.27 0.43 
Zinc (mg/Kg) 39.8 32.7 35.9 
Cupper (mg/Kg) 7.7 8.1 8.7 
Manganese (mg/Kg) 57.3 35.5 35.5 
z 
Chemical composition analyses of diets were performed by Maksal farm laboratory (Maksal, Qazvine). 
y 
Net energy for lactation (NEL) calculated according to NRC (2001). NEL values for dry period diets were calculated 
based on a cow weighing 650 kg and consuming 11.5 kg dry matter per day. This value for early lactation diet was 
estimated based on a cows weighing 650 kg and average 21.8 kg dry matter intake per day. 
 
 
All cows had free access to water. Dry cows were housed in two stalls: far-off pen and close up 
pen (from 49 to 28 d before the expected calving day and 28 d before expected calving to actual 
calving day, respectively). Cows subjected to a 28-d treatment were transitioned to a close-up dry cow 
pen and fed a close up ration at the time of milk stasis. After milk cessation, cows in the 49-d group 
were transitioned to far-off dry cow pens until 28 d before expected calving date. The cows were then 
transferred to the close-up pen and fed a close-up ration until calving. Cows assigned to 28-d DPL 
experienced less dietary change (late lactation-close-up and close-up early lactation) than cows 
assigned to 49-d DPL (late lactation-far-off, far-off-close-up and close-up-early lactation). Cows with 
28-d DPL had longer lactation than those with 49-d DPL in the previous lactation. 
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2.2.2. Sample Collection and Analysis 
All cows were milked three times per day (at 0800, 1600 and 2400), and milk yield was recorded 
daily throughout 210 days in milk. Milk yield data were adjusted to 305 d. Milk samples (50 mL) 
were taken weekly at three consecutive milkings until the 10th week of lactation, and were analyzed 
for fat and total protein. Shortening the dry period extends the lactation for cows with 28-d DPL. This 
extended lactation for the 28-d DPL group resulted in additional milk production, recorded daily 
prepartum, compared with 49-d DPL. 
Feed samples from far-off, close-up and early lactation diets were collected weekly and stored at -
20°C until the day of analysis. Stored feed samples were ground and analyzed for dry matter, crude 
protein, ether extract, neutral detergent fiber, acid detergent fiber, minerals and ash (Table 5). NEL 
was estimated based on cows weighing 650 kg and 11.5 kg dry matter intake for each cow per day for 
prepartum rations (NRC, 2001). For the postpartum ration, NEL was estimated based on cows 
weighing 650 kg and 21.8 kg dry matter intake per day (NRC, 2001). Dry matter intake and weight 
values were used for estimation of the NEL at the previously identified government farm. 
BCS was recorded at 7 week before expected calving and thereafter at 60 and 150 days in milk 
using a five-point scale (1=emaciated cows to 5=severely over-conditioned cows) (Ferguson et al., 
1994) by one evaluator without any knowledge of the previous BCS of each cow. 
Eventual health disorders that were checked daily in every cow by the herdsmen were verified by 
veterinary inspection throughout the entire course of the study. Standard definitions of health 
disorders were used (Gearhart et al., 1990; Mashek and Beede, 2001; Burvenich et al., 2003). 
Visual signs of oestrus including viscous vaginal mucus, mounting, restlessness, and increased 
vocalization were observed every 12 h as am/pm rule (Morton 2004) starting immediately after 
calving. The voluntary waiting period was 50d. Rectal palpation was used for confirmation of the 
pregnancy of cows at 180 days in milk. Days open, first service conception rate (%), services per 
conception, and pregnancy rate (%) were recorded. Pregnancy rate was defined as 1 divided by the 
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number of services multiplied by 100 for eligible cows. After confirming the pregnancy at 180 days in 
milk, the cows’ reproductive performance was assessed and included in statistical analyses. 
Calves of both two groups (28 and 49 d DPL) were weighed at calving to evaluate the effects of 
DPL on birth weights. 
 
2.2.3. Statistical Analyses 
The PROC MIXED procedure of SAS software (SAS Institute, Inc. 1999) was used to analyze 
milk yield and milk composition data as a completely randomized design with repeated measures. The 
model used to analyze milk yield and composition data included the fixed effects of treatment, time, 
two-way interaction terms of fixed effects, the random effect of cow nested within treatment and the 
residual error. Previous lactation milk yield of cows was included in statistical analyses as a covariate 
analyzing all the milk yield data. BCS, BCS changes, days open, services per conception and 
pregnancy rate were analyzed with the PROC MIXED procedure of SAS software (SAS Institute, Inc. 
1999). The incidence of health disorders and the percentage of first service conception were analyzed 
with the PROC GENMOD (SAS Institute, Inc. 1999), with the base of nonparametric statistics and 
differences determined by chi-square test. Statistical power, defined as the probability of the test for 
rejection of false null hypothesis, was used to estimate the required number of animal to evaluate milk 
yield, milk composition and BCS data (Rosner, 2005) at a significance level of 0.05. When trends are 
discussed, P < 0.05, was regarded as statistically significant. 
 
3. RESULTS 
3.1. BCS Changes 
The effect of TRT on BCS in first experiment is shown in Table 6. Cows in the 35-d TRT had 
greater BCS than those in the 56-d TRT at dry-off (P = 0.02). At calving, no TRT differences in BCS 
were detected. The BCS changes were greater for the 42-d (P = 0.03) and 56-d (P = 0.02) TRT 
compared with the 35-d TRT in the prepartum period, but did not differ in the postpartum period 
among TRT (Table 6).  
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Table 6. Effects of different dry period lengths on BCS of Holstein cows in the first experiment 
   Contrasts 
  Dry period length   35 vs. 42 d 35 vs. 56 d 42 vs. 56 d 
BCS measurment1 35 d 42 d 56 d P SEM P SEM P SEM P 
BCS 1 3.22 3.11 2.98 0.06 0.098 0.26 0.100 0.02 0.098 0.19 
BCS 2 3.22 3.24 3.14 0.54 0.099 0.77 0.100 0.44 0.098 0.28 
BCS 3 2.96 2.84 2.69 0.27 0.169 0.46 0.169 0.11 0.171 0.38 
BCS 2 – BCS 1  - 0.002 + 0.135 + 0.137 0.04 0.062 0.03 0.063 0.02 0.063 0.97 
BCS 3 – BCS 2  - 0.292 - 0.286 - 0.445 0.50 0.157 0.98 0.157 0.30 0.159 0.32 
1
BCS 1 = BCS at drying-off day; BCS 2 = BCS at calving day; BCS 3 = BCS at 15 week of lactation; measured 
on a 5-point scale, from emaciated (score = 1) to severely over-conditioned (score = 5) cows (Lowman et al., 
1976). 
 
In the second experiment, mean BCS at 7 week prepartum did not differ between cows with 28 
and 49 d DPL (2.8 ± 0.8 and 2.9 ± 0.7, respectively). Changes of BCS from 7 week prepartum to 60 
days in milk was negative for cows in both groups (-0.21 and -0.57 for cows with 28 and 49 d DPL, 
respectively) and it was different between the two groups (P=0.001). Although changes in BCS from 
60 days in milk to 150 days in milk in both groups was positive, these changes were not significant 
between groups (+0.36 and +0.32 for cows with 28 and 49 d DPL, respectively). Cows’ BCS at 150 
days in milk revealed differences (P=0.01) between the two groups (2.97 ± 0.40 vs. 2.68 ± 0.46 for 
cows with 28 vs. 49 d DPL, respectively). Thus, shorter DPL improved BCS in the next lactation. 
 
3.2. Milk Yield 
Milk yield data for the first experiment are presented in Table 7 and Figure 3 (A and B). The 
effect of week was significant among TRT (P = 0.0001). When pre- and postpartum milk yields were 
analyzed separately, there were differences in average daily postpartum milk yields among dry period 
lengths, regardless of parity (34.75, 34.56, and 36.15 kg/d for cows in the 35-, 42-, and 56-d TRT, 
respectively; P = 0.0001). From 3 to 210 days in milk, no differences in daily milk production of the 
multiparous cows in the 35- and 56-d TRT were observed, even when adjusted for 305-d lactation 
milk yield (Table 7). Likewise, no differences were detected between the 305-d adjusted milk yields 
CHAPTER III-SHORT DRY PERIODS FOR DAIRY COWS 
 
 
110 
 
when primiparous and multiparous cows assigned to the 35-d TRT were compared with each other. 
Multiparous cows in the 42-d TRT produced less daily milk compared with those in the 56- (P = 
0.021) or 35-d (P = 0.004) TRT (Table 7). Among multiparous cows, differences existed at week 29 
(P = 0.049) for 35-vs. 56-d TRT and at week 22 (P = 0.027) for 42- vs. 56-d TRT (Fig. 3B). 
Additionally, weekly postpartum milk production changes tended to be significant between the 35- 
and 42-d TRT at week 6 (P = 0.07), 10 (P = 0.081), 12 (P = 0.088), and 22 (P = 0.07), and at week 5 
(P =0.082) and 23 (P = 0.096) for the 56- vs. 42-d TRT (Fig. 3B). Milk yield increased during the 
first 2 week of lactation in all TRT (Fig. 3B). Subsequently, cows reached peak milk yield between 
weeks 7 to 10 (Fig. 3B). Multiparous cows in the 35-d TRT showed a reduction in milk production at 
week 28 (P = 0.045; Fig. 3B). In the present study, multiparous cows in the 35-d TRT had greater 
reduction in milk yield than those in the 56-d TRT around week 29 and 30 (P = 0.049; Fig. 3B). 
 
Table 7. Milk production (kg) of Holstein cows given different dry period lengths (35, 42, and 56 d) in the 
first experiment
1
 
 35 d 42 d 56 d 
Variable Primiparous Multiparous Primiparous Multiparous Primiparous Multiparous 
210 days in milk 
(Adjusted)2 
33.74  a 35.42 b 35.1 b 34 a 37.12 35.18  b 
Previous lactation 9295 ab 10066 bc 8973 a 10258 abc 10473 bc 11121 c 
Drying-off day 18.07 ab 14.23 a 23.58 17.08 ab 22.09  bc 21.04  b 
305 d  
(Adjusted) 3 
10564 a 11202 ab 10656 a 10264 a 11918 b 10849 ab 
a–c
Means within rows with different superscript letters differ (P < 0.05). 
1
Milk production was recorded daily in three consecutive milkings for each cow from 3 through 210 days in 
milk.  
2
210 days in milk represents the average daily milk yield of cows from 3 to 210 days in milk. Average daily 
milk production of cows in previous lactation (until 60 d before parturition) was used as a covariate. 
Multiparous cows in 35 d treatment (TRT) produced an additional 285.5 kg of milk compared with multiparous 
and primiparous cows in 56 d TRT. 
3
Previous lactation 305-d milk yield is considered as a covariate. 
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Among primiparous animals, the average milk production of the 35-d TRT was lower than that of 
the 56-d TRT (P = 0.0001) and this difference remained even after adjusting milk yield for 305-d 
lactation (Table 7). The difference in daily milk yield of primiparous cows in the 35- and 56-d TRT 
declined after adjusting milk yield for a 305-d lactation (P = 0.001). Primiparous cows in the 42-d 
TRT produced less milk than those in the 56-d TRT (P = 0.0001); however, the former produced more 
mean daily milk than primiparous cows in the 35-d TRT (P = 0.005). Differences existed at week 9 (P 
= 0.049), 10 (P = 0.019), 11 (P = 0.033), and 30 (P = 0.048) for the 35-d vs. 56-d TRT, and at week 7 
(P = 0.041) for the 42-d vs. 56-d TRT (Fig. 3A). As expected the multiparous cows in the 35-d TRT 
produced a greater amount of daily milk than did the primiparous cows in the same TRT (P = 0.0009; 
Table 7). 
 
Fig. 3. A) Daily milk production (kg/d) in primiparous Holstein cows assigned to different dry period lengths in 
the first experiment. Treatments are 35-d (□), 42-d (♦), and 56-d (▲) dry periods. Fifty-five primiparous cows 
were subjected to the different dry period lengths, and their postpartum daily milk yields (kg/d) were collapsed 
into weekly means. Differences were observed at week 9 (P = 0.049), 10 (P = 0.019), 11 (P = 0.033), and 30 (P 
= 0.048) for 56-d vs. 35-d cows, and at week 7 (P = 0.041) for 56-d vs. 42-d cows. B) Daily milk production 
(kg/d) in multiparous Holstein cows assigned to different dry period lengths in the first experiment. Treatments 
are 35-d (□), 42-d (♦) and 56-d (▲) dry periods. Fifty-three multiparous cows subjected on the different dry 
period lengths, and their postpartum daily milk yields (kg/d) were collapsed into weekly means. Differences 
were observed at week 22 (P = 0.027) for 56-d vs. 42-d cows, and at week 29 (P = 0.049) for 56-d vs. 35-d 
cows. 
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In the second experiment, average milk yield of cows from 49 d prepartum through 210 days in 
milk was 7354 vs. 7316 kg for 28 d vs. 49 d DPL and was not different (Table 8). Mean daily milk 
yield of cows with 28 d DPL was 21.1 kg /d at prepartum prior to dry-off. Cows in this group 
produced 422 kg of additional milk yield due to the 21 d extension of the previous lactation compared 
with cows with 49 d DPL. When examining just the subsequent lactation, the average daily milk yield 
of cows with 28 d DPL was less than that seen in cows with 49 d DPL through 210 days in milk 
(Table 8). Postpartum average daily milk yield was 1.9 kg d/1 greater for cows with 49 d DPL 
compared with those with 28 d DPL (Table 8; P=0.03). However, total milk yield (7316.2 kg vs. 
6932.2 kg for 49 d vs. 28 d DPL; P=0.27) through 210 days in milk were not different. Similarly, no 
treatment effect was observed on 305 d actual milk yield of cows between the two groups (Table 8). 
 
Table 8. Milk yield and milk composition of cows assigned to two dry period lengths (DPL): 28 d and 49 d in 
the second experiment 
Measurements 28 d  49 d  P Value  SEMz  
Adjusted milk yield from 49 d 
prepartum through 210 DIMy 
7354  7316  0.83  322  
Unadjusted milk yield from 49 
d prepartum through 210 DIMy 
7301  7411  0.75  330  
Adjusted mean milk yield 
(kg/d)x 
32.7  34.6  0.03  0.86  
Unadjusted mean milk yield 
(kg/d)x 
32.2  35.1  0.01  0.89  
Unadjusted total 210 d milk 
yield (kg) 
6932  7316  0.27  350  
Adjusted actual 305d milk 
yield (kg) 
10314  10831  0.34  545  
Unadjusted actual 305d milk 
yield (kg) 
10256  10951  0.25  559  
% Fatw 3.30  3.37  0.55  0.31  
Fat yield (kg/d)w 1.05  1.16  0.08  0.06  
% Proteinw 3.17  3.10  0.22  0.05  
Protein yield (kg/d)w 1.04  1.07  0.53  0.05  
z 
SEM=standard error of means. 
y 
Cows with 28-d dry period length (DPL) produced 422 kg additional milk. 
x 
Daily milk yields were recorded at three consecutive milking for each cow through 210 days in milk. 
w 
Weekly milk samples (50 mL) through 10 week of lactation were used for milk composition analyses. 
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3.3. Milk Composition 
Milk composition percentage and yield of different TRT were compared in the first 8 week of 
lactation in the first experiment, and data are presented in Table 9. Neither milk fat percentage nor 
yield was affected by shortening the dry period. Likewise, no differences were observed in milk 
protein percentage across TRT (Table 9). Cows in the 35- and 56-d TRT differed in milk protein 
yields (1.06 ± 0.07 vs. 1.24 ± 0.07 kg/d respectively; P = 0.048). Further, among primiparous cows, 
milk protein yield was greater for cows in the 56-d TRT than in the 35-d TRT cows (P = 0.05; Table 
9). Milk SCC was greater for multiparous cows in the 42-d TRT compared with those in the 35- and 
56-d TRT (Table 9). Combined across parities, no difference was detected among the 3 TRT for SCC. 
In the second experiment, no differences were found in postpartum milk fat percentage of cows 
assigned to 28 or 49 d DPL (Table 8); fat yield (kg/d), however, tended to be greater in 49 d DPL 
cows compared with 28 d DPL cows (Table 8; P=0.08). Neither milk protein percentage nor milk 
protein yield was altered by the experimental treatments. 
 
Table 9. Milk composition of Holstein cows given different dry period lengths (35, 42, and 56 d) in the first 
experiment
1
 
 35 d 42 d 56 d 
Variable Primiparous Multiparous Primiparous Multiparous Primiparous Multiparous 
Milk protein yield 
(kg/d) 
0.99 a 1.11 ab 1.14  ab 1.00 ab 1.29  b 1.19  ab 
Milk protein (%) 2.99 3.04 3.34 3.04 3.44 3.19 
Milk fat (%) 3.60 3.96 3.68 3.53 3.43 3.79 
Milk fat yield 
(kg/d) 
1.23 
 
1.45 
 
1.27 
 
1.18 
 
1.29 
 
1.43 
 
   Adjusted SCC 2 
 (× 1000) 
279.8 a 371.5 a 272.9 a 777.7 b 476.6 ab 320.5 a 
a,b
Means within rows with different superscript letters differ (P < 0.05). 
1
Milk samples were collected weekly until 8 week of lactation and samples were used for milk composition 
analyses. 
2
SCC is adjusted based on drying-off milk yield. 
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3.4. Metabolic Status 
3.4.1. NEFA and Triglyceride in Blood 
In the first experiment, prepartum NEFA were different between primiparous cows subjected to 
the 35- and 56-d TRT (349.0 ± 30.3 vs. 422.4 ± 25.9 µEq/L, respectively; P = 0.044), and a tendency 
toward a parity × dry period length interaction during late pregnancy showed that a part of this 
resulted from a decrease in the late pregnancy plasma NEFA concentration for cows in the 35-d -vs. 
56-d TRT cows. We did not detect any differences for prepartum NEFA between multiparous cows in 
the 35- and 56-d TRT (375.3 ± 21.0 vs. 324 ± 34.4 µEq/L for 35 and 56 d, respectively). 
Subsequently, primiparous cows in the 56-d TRT had a greater concentration of serum NEFA than did 
the cows in the 35-d TRT (419.2 ± 25.1 vs. 348.5 ± 30.0 µEq/L for 56 and 35-d TRT, respectively; P 
= 0.045). Comparison of the serum NEFA among cows in other TRT did not reveal any differences. 
Importantly, we did not observe differences between primiparous and multiparous cows assigned to 
the 35-d TRT at any time for serum NEFA concentration.  
Regardless of parity, we failed to detect any effects of dry period length on prepartum triglyceride 
(33.02, 29.73, and 34.30 mg/dL for 35-, 42-, and 56-d TRT, respectively) or postpartum triglyceride 
(30.61, 28.02, and 31.04 mg/dL for 35-, 42-, and 56-d TRT, respectively). As expected for serum 
triglycerides, there was a difference due to parity in the 35-d TRT both in late pregnancy (27.3 ± 2.30 
and 38.7 ± 3.30 mg/d, P = 0.007) and early lactation (26.38 ± 1.96 and 34.85 ± 3.03 mg/dL, P = 0.03) 
between multiparous and primiparous cows. 
 
3.4.2. IGF-I, Insulin and Glucose in Blood 
No parity effects were detected for serum glucose, insulin, or IGF-I concentration because of a 
reduction in dry period length. We also observed no differences in prepartum and postpartum glucose 
concentrations among the TRT (72.45 ± 1.35, 72.59 ± 1.46, and 74.35 ± 1.58 mg/dL prepartum and 
80.17 ± 3.2, 74.6 ± 2.9, and 78.35 ± 2.9 mg/dL postpartum, for cows in the 35-, 42-, and 56-d TRT, 
respectively). There were no postpartum differences in serum insulin (10.67 ± 1.99, 11.61 ± 2.63, and 
10.14 ± 2.26 µIU/mL) and IGF-I (178.2 ± 20.9, 157.2 ± 19.3, and 136.4 ± 19.3 ng/mL) concentrations 
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for cows in the 35-, 42-, and 56-d TRT, respectively. Postpartum serum IGF-I concentration tended to 
be greater for cows on the 35-d TRT compared with those on the 56-d TRT (P = 0.083). 
 
3.5. Reproductive Measurements 
Reproductive performance data recorded in the first experiment are presented in Table 10. 
Pregnancy rate was greater (P = 0.041) for multiparous cows (71%) than primiparous cows (48%) 
assigned to the 35-d TRT. No difference in pregnancy rate occurred among other TRT. Among 
primiparous cows, the 42-d TRT had increased (P = 0.042) days open (121 d) compared with the 56-d 
TRT (85 d). Days open data were consistent across the rest of TRT. Days to first service ranged from 
46 to 57 d and did not differ across the TRT. There were fewer services per conception (2.0 vs. 3.0 
respectively; P = 0.026) in multiparous cows in the 35-d TRT than those in the 42-d TRT. First-
service conception rate was greater (P = 0.021) in multiparous cows in the 35-d TRT (53%) compared 
with primiparous cows in the 42-d TRT (19%). Regardless of parity, no clear main effects were found 
on binomial reproductive measurements between cows in the 35-and 56-d TRT. Pregnancy rate was 
reduced (P = 0.038) in cows in the 42-d TRT (49.76 ± 5.6%) compared with cows in the 56-d TRT 
(66.77 ± 5.7%), with cows in the 35-d TRT being intermediate. Services per conception were greater 
(P = 0.029) in cows in the 42-d TRT (2.78 ± 0.22 d) compared with those in the 56-d TRT (2.06 ± 
0.23 d) and tended to be fewer (P = 0.067) in cows in the 35-d TRT (2.20 ± 0.21 d) compared with 
those in the 42-d TRT. 
In the second experiment, no differences in days open, first service conception rate (%), services 
per conception, and pregnancy rate (%) were detected between the 28 and 49 d DPL (Table 11). 
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Table 10. Summary of reproductive measurements in cows assigned to different dry period lengths (35, 42, and 
56) in the first experiment
1
 
 35 d 42 d 56 d 
Variable Primiparous Multiparous Primiparous Multiparous Primiparous Multiparous 
Cows, no. 16 19 21 16 18 18 
Pregnancy rate2 (%) 48.0a 71.22b 49.01ab 50.61ab 69.27ab 67.11ab 
Open days 105.9ab 91.9ab 121b 109.5ab 85.2a 85.2ab 
Days to first service 49.6 56.9 53.4 46.1 50.8 55.6 
Services  
per conception 
2.83ab 2.0a 2.93ab 3.0b 2.09ab 2.39ab 
First-service 
conception rate (%) 
25ab (4/16) 53a (10/19) 19b (4/21) 25ab (4/16) 39ab (7/18) 39ab (7/18) 
a,b
Means within rows with different superscript letter differ (P < 0.05). 
1
Data were collected until 4 mo of lactation for all treatments. 
2
Pregnancy rate defined as the percentage of pregnant cows in a treatment. 
 
Table 11. The effects of dry period length (DPL) on reproductive status of Holstein dairy cows in the second 
experiment
z
 
 DPL   
Variable 28 d 49 d P values SEMx 
days open 81.2 91.4 0.27 9.13 
First service conception rate (%) 41.1 37 0.74 … 
Services per conception 1.82 2.07 0.30 0.24 
Pregnancy rate (%)y 66.91 62.34 0.55 7.65 
z 
Studied reproductive parameters were recorded after pregnancy attestation by palpation at 180 days in milk. 
y 
Pregnancy rate defined as 1 divided by the number of services and multiplied by 100 for eligible cows. 
x 
Standard error of means. 
 
3.6. Selected Health Disorders 
The incidence of selected health disorders in first experiments is presented in Tables 12. In the 
second experiment, we failed to detect difference in the incidence of health events between the two 
groups (Fig. 4). Two cases of dystocia were recorded for cows with 49 d DPL, whereas no dystocia 
was recorded for the 28 d DPL group (P=0.54). One case of digestive disease was recorded in the 49 d 
DPL group and no digestive disease was observed in the 28 d DPL group (P=0.88). There were five 
cases of abortion for cows with 28 d DPL, but only two cases for cows with 49 d DPL (14.7 and 
7.4%, respectively; P=0.38). Similarly, the incidence rate of mastitis (11 vs.8; P=0.81), metritis (5 vs. 
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2; P=0.38), lameness (8 vs. 9; P=0.39) and retained placenta (3 vs. 3; P=0.76) was similar between 28 
and 49 d DPL groups, respectively. No differences in birth weights of calves were detected (42.5 and 
42.2 kg for 28 and 49 d DPL, respectively). 
 
Table 12. The effect of dry period lengths (35, 42, and 56 d) on incidence of selected metabolic disorders in the 
first experiment
1
 
Item 35 d 42 d 56 d 
Dystocia 3/35 2/37 3/36 
Clinical mastitis at calving 3/35 1/37 1/36 
Clinical mastitis during next lactation 9/35 6/37 5/36 
Displaced abomasum 1/35 1/37 1/36 
Retained placenta 5/35 3/37 7/36 
1
Technicians visited the herd every day and recorded identification number of affected cows and date of 
diagnosis during the experiment. 
 
 
 
 
Fig. 4. The incidence rate (%) of some selected health disorders in multiparous Holstein cows 
subjected to two different dry period lengths (DPL) in the second experiment. Experimental 
groups are 28- and 49-d DPL. Shaded and cross-hatched areas are incidence rate of health 
disorders in cows with 28- and 49-d DPL, respectively. All studied disorders were checked for 
every cow by farm personnel and verified by herd veterinarians throughout the study. There 
are no differences between treatments (28 and 49 d DPL) for health disorders incidence. 
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4. DISCUSSION 
It is likely that extremely short dry periods do not provide optimum time for mammary cell 
turnover, leading to decreased milk yield during the next lactation (Capuco et al., 2003; Annen et al., 
2007). We evaluated the effect of DPL on milk production and milk composition of Holstein dairy 
cows in the subsequent lactation, in two independent experiments. In the first experiment, primiparous 
and multiparous cows were subjected to short and standard DPL. The result of first experiment 
showed that primiparous cows are very sensitive to short DPL but not multiparous cows. To answer 
the question whether extremely short DPL influences the performance of multiparous cows, the 
second experiment was conducted subjecting multiparous cows to 28 d DPL.  
 Multiparous cows in the 35-d TRT produced more milk than primiparous cows in the same TRT 
during the whole lactation. This, coupled with nonsignificant differences in previous lactation milk 
yield of the 35-d TRT (9,295 ± 636 vs. 10,661 ± 587 kg for primiparous cows vs. multiparous cows, 
respectively), supports the notion that primiparous cows are very sensitive to a short dry period (35 d). 
The lower milk production in primiparous cows given a short dry period may therefore be attributable 
to delay in mammary growth, depression of mammary gland function, or a combination of both. All 
TRT demonstrated similar milk yield trends during the first 30 week of lactation, but primiparous 
cows subjected to the 35-d TRT demonstrated less milk production at week 9, 10, and 11 than did 
those in the 56-d TRT (Fig. 3A). This was similar to the findings reported by Annen et al (2004). 
Moreover, this observation supports the fact that milk reduction of primiparous cows in the 35-d TRT 
occurs in early lactation rather than in later stages of lactation (Fig. 3A). In another study (Gulay et 
al., 2005), reduced milk production in cows with short dry period was reported in first 80 days in milk 
rather than 80 to 150 days in milk or 150 days in milk. We speculate that short dry periods do not 
provide sufficient time for cell turnover, especially in primiparous cows. Our findings agree with 
those of others (Wilton et al., 1967; Gulay et al., 2003; Annen et al., 2004). Discrepancies in results of 
different studies on interaction of dry period length and parity apparently arise from management 
schemes (Gulay et al., 2005; Rastani et al., 2005), genetic potential of milk yield (Rastani et al., 
2005), experimental method (between-cow model or within-cow and half-udder model) and statistical 
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power. Because of high variation for milk yield in early lactation, it is important to evaluate the 
statistical power of these types of experiments before they are conducted. 
There was no difference in average daily milk yield between multiparous cows in the 35- and 56-
d TRT. This is in agreement with the results of other studies (Gulay et al., 2003, 2005; Annen et al., 
2004; Rastani et al., 2005). Multiparous cows in the 35-d TRT produced additional milk because of 
extension of the previous lactation cycle in the present study. In this study, multiparous cows in the 
35-d TRT produced an additional 285.5 kg of milk compared with multiparous and primiparous cows 
in the 56-d TRT. Other authors (Bachman, 2002; Gulay et al., 2003; Rastani et al., 2005) reported 
additional milk between 400 to 550 kg for cows in a 30-d dry period group compared with those of a 
conventional dry period. Lower milk production of multiparous cows assigned to the 42-d TRT in 
comparison with the 35- and 56-d TRT cows is hypothesized to be due to nutritional stress. Frequent 
diet changes may lead to reduction in dry matter intake of cows, subsequently resulting in negative 
energy balance (Grummer and Rastani, 2004). Cows in the 42-d TRT were removed from the far-off 
pen to the close-up pen within a very short period. This could result in more stressful condition of 
cows in the 42-d TRT than in the other 2 TRT. Surprisingly, cows in the 35-d TRT were less 
productive compared with those in the 42-d TRT. Multiparous cows in all TRT did not differ in peak 
or average milk yields for the first 30 week of lactation. In the second experiment, only multiparous 
cows were used to avoid the negative effects of a short dry period on primiparous animals and also to 
improve the statistical power of the comparisons. We showed that following the 28-d dry period, the 
multiparous cows produced less milk (32.7 kg/d) compared with those subjected to the 49 d dry 
period (34.6 kg/d). In this study, 422 additional kg of milk were produced during the 21 d before dry-
off time, which offsets the subsequent milk loss of the 28-d DPL. As indicated, even though the 
shorter dry period (28 d) resulted in reduced initial milk yield, the additional milk during the 21-d 
longer lactation in the previous lactation reduced overall milk loss during the subsequent lactation. 
Also, as the lactation progressed those initial differences were compensated. This could be associated 
with improved energy balance and body condition and possibly improved function of mammary 
secretory cells as the lactation progressed. Results from milk yield data support the argument that 
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shortening the DPL by 35 d in multiparous cows has no negative effect on milk yield. However, 
extremely short DPL (28 d) was shown to have negative influence on milk yield of multiparous cows 
in the subsequent lactation.  
In the current study, shortening the dry period affected 305-d milk yield (adjusted for previous 
lactation milk yield) in primiparous cows, but not in multiparous cows, which is similar to results 
reported by others (Makuza and McDaniel, 1996; Bachman, 2002; Gulay et al., 2003). Bachman 
(2002) reported that there was no difference in subsequent 305-d lactation milk yield of multiparous 
cows with 57.3- and 33.9-d dry period lengths. In the present study, cows in the 35-d TRT produced 
501 kg more milk compared with those in the 56-d TRT during 305 d of lactation.  
Postcalving BCS changes demonstrated that cows given short dry periods experienced less 
negative energy balance than cows with longer dry periods, presumably because of reduced milk 
production as well as less nutritional stress during dry period. Cows with SDP in our studies (28 d and 
35 d DPL) only received the close-up ration, whereas cows with normal DPL were fed both the far-off 
and close-up rations. Due to fewer dietary changes, nutritional stress was reduced in cows with short 
DPL. Similar to these results, reduction in BCS loss after parturition by giving short dry periods is 
reported by others (Swanson, 1965; Farries and Hoheisel, 1989; Gulay et al., 2003). Rastani et al. 
(2005) and Gulay et al. (2005) demonstrated that BCS at calving was similar among experimental 
groups (28-d vs. 56-d and 30-d vs. 70-d dry periods, respectively), but Rastani et al. (2005) found that 
postcalving BCS loss for the 56-d dry period group was greater than that of 28-d dry period group.  
In our studies, milk fat percentage and fat yield were unaffected by dry period length. This is 
similar to other studies (Lotan and Adler, 1976; Gulay et al., 2003; Annen et al., 2004, Rastani et al., 
2005). Depressed level of milk fat yield for cows with 28 d DPL in comparison with those with 49 d 
DPL was reported in another study (Sorensen and Enevoldsen, 1991). Milk protein percentage did not 
differ among dry period TRT in both experiments, which is in agreement with other studies (Smith et 
al., 1967; Gulay et al., 2003). Sørensen and Enevoldson (1991) reported more milk protein yield for 
cows with a 49-d dry period length compared with a 28-d dry period length; this was similar to the 
results of our first experiment. However, others (Annen et al., 2004) reported greater concentrations 
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of milk protein in milk from cows given a 30-d compared with a 60-d dry period. Gulay et al. (2003) 
and Rastani et al. (2005) reported no differences in milk protein yield for cows in 30- and 60-d dry 
periods which were similar to results of our second experiment. Different amounts of milk protein 
yield between primiparous cows in the 35- and 56-d TRT may be explained by a reduced milk yield 
capacity for cows in the 35-d TRT. The discrepancies in milk composition changes from shortening 
the dry period may have been resulted from different nutritional management strategies and genetic 
merit of cows for milk production, or a combination of any or both of these factors. The SCC of milk 
differed across TRT, but this difference was not consistent across the dry period TRT. Our results in 
this experiment are in agreement with others, confirming that, regardless of parity, length of dry 
period has no effect on SCC of milk (Sørensen and Enevoldsen, 1991; Gulay et al., 2003; Rastani et 
al., 2005). Others (Chilliard, 1999; Annen et al., 2004) reported a tendency toward increased SCC 
when the dry period was shortened or omitted. The main reason for this discrepancy may be the 
limited time of antibiotic therapy in shortest dry period group. Results were not consistent with our 
hypothesis that milk SCC content would be changed among TRT because of substantial difference of 
dry-off milk production among TRT. In agreement with our results, Natzke et al. (1975) reported no 
clear effect of dry-off milk yield on IMI rates. 
Primiparous cows in the 35-d TRT produced less milk (Table 4) and for this reason were likely in 
better energy balance than cows in the other TRT. Lower concentrations of pre- and postcalving 
serum NEFA could be associated with less nutritional stress, more stable rumen flora, and less milk 
production in the 35-d TRT compared with primiparous cows in the 56-d TRT. Milk yield was the 
most important factor controlling energy balance. In contrast to our study, neither prepartum nor 
postpartum NEFA concentrations were different between cows in 30- and 60-d dry period lengths in 
previous studies (Lotan and Adler, 1976; Rastani et al., 2005). This discrepancy may be attributed to 
interaction of dry period length and parity, which must be taken into account when metabolic status of 
cows is studied. 
Lower concentration of serum triglycerides reflects a greater content of liver triglyceride 
(Grummer, 1993), which is associated with negative energy balance and occurrence of other 
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metabolic disorders and infectious diseases in early lactation (Herdt, 1992). The lower concentrations 
of serum triglyceride in multiparous cows in the 35-d TRT, compared with primiparous cows in the 
same TRT, led to our conclusion that primiparous cows in the 35-d TRT may experience less negative 
energy balance. Because long-chain β-oxidation capacity of liver is one of the important factors 
controlling the infiltration concentrations of triglyceride in liver and its release to the blood (Emery et 
al., 1992), further studies are needed to evaluate the impact of short dry periods on liver composition 
of primiparous and multiparous cows. 
Our data are in agreement with the observations of Rastani et al. (2005) who reported no 
difference in prepartum serum glucose between 28- and 56-d dry period lengths. The current study 
presents new information regarding the effects of a short dry period on serum IGF-I and insulin 
concentrations. Serum or plasma IGF-I is one of the most important factors controlling mammary 
proliferation and apoptosis during the dry period (Accorsi et al., 2002). 
Our study supports the concept that nutritional management strategies during the prepartum 
period, along with dry period length, play a critical role in reproductive status of dairy cows during 
the subsequent lactation. The less efficient reproductive status of cows assigned to the 42-d TRT may 
be contributed to the frequent and sudden diet changes during the dry period (Fig. 2). Our results 
indicate that shortening the dry period in addition to making minimum changes in diet composition 
during the dry period could be an appropriate solution for improving reproduction in subsequent 
lactation. Our results are in agreement with those of Gumen et al. (2005) who reported similar first 
service conception and pregnancy rates, services per conception, and days open for cows with 28- and 
56-d dry periods. Lotan and Adler (1976) and Annen et al. (2004) did not make statistical 
comparisons, but they reported an apparent similarity of pregnancy rate and services per conception 
between cows with traditional (60-d) and short (30-d) dry periods. In the study of Lotan and Adler 
(1976), the number of animals for each group was a limiting factor for statistical analysis (n=9). 
Further, other studies reported the binomial reproductive measurements with insufficient statistical 
power (Annen et al., 2004; Gumen et al., 2005). Recently, Watters et al. (2006) demonstrated fewer 
days open and greater pregnancy rate in cows with shorter dry periods. A previous report (Enevoldsen 
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and Sørensen, 1992) was unable to demonstrate any effect of shortening the DPL on some typical 
metabolic disorders, which is similar to our results. No differences were detected in calf birth weight 
(42.5 and 42.2 kg) for the 28- and 49-d DPL groups, respectively. Similarly, others reported no 
differences between cows with 30- and 60-d dry periods for birth weight of calves (Gulay et al., 
2003). Further studies are needed for accurate evaluation of the relationship between short dry periods 
and cow’s reproductive performance and occurrence of metabolic disorders. 
 
5. CONCLUSIONS 
In conclusion, shortening the dry period to 35 d resulted in a significant depression of subsequent 
milk yield in primiparous cows. Providing a 35-d dry period to multiparous Holstein cows did not 
affect subsequent lactation milk production; these cows produced an additional 285 kg of milk in the 
extended lactation. Extremely short DPL (28 d) was shown to have negative influence on milk yield 
of multiparous cows in the subsequent lactation. Our data support the hypothesis that shortening the 
dry period would leave fewer differentiated secretory cells in the mammary glands of dairy cows 
around parturition. However, more controlled studies are warranted to examine cellular and molecular 
mechanisms that are involved in this process. A 28-d dry period associated with fewer dietary changes 
had no negative effect on 305-d actual milk yield, health status, and reproductive efficiency of the 
multiparous dairy cows or on birth weights of calves compared with a standard dry period (49 d). 
Importantly, cows with 28-d DPL tended to be less productive at 210DIM, but this difference was not 
apparent across the whole lactation period. The additional milk (about 422 kg) produced during the 
extra 21 d in the previous lactation for the 28 d DPL compared with the 49 d DPL added additional 
value to the short dry period management scheme. Milk protein yield in primiparous cows was 
reduced when the dry period was shortened to 35 d. Based on total milk production, improved BCS at 
postpartum and energy balance indicators, a short dry period was beneficial in decreasing negative 
energy balance in the subsequent lactation, irrespective of management facilities for the shorter dry 
period. More full-lactation studies are needed to better evaluate the effects of short dry periods in 
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conjunction with other dry period management practices on milk production, calf health, colostrum 
quality and mammary gland involution. 
 
6. REFERENCES 
Accorsi, P. A.; Pacioni, B.; Pezzi, C.; Forni, M.; Flint, D.J.; Seren, E., 2002: Role of prolactin, growth 
hormone and insulin-like growth factor 1 in mammary gland involution in the dairy cow. Journal 
of Dairy Science 85, 507-513. 
Andersen, J. B.; Madsen, T.G.; Larsen, T.; Ingvartsen, K. L.; Nielsen, M. O., 2005: The effects of dry 
period versus continuous lactation on metabolic status and performance in periparturient cows. 
Journal of Dairy Science 88, 3530-3541. 
Annen, E. L.; Collier, R. J.; McGuire, M. A.; Vicini, J. L.; Ballam, J. M.; Lormore, M. J., 2004: Effect 
of modified dry period lengths and bovine somatotropin on yield and composition of milk from 
dairy cows. Journal of Dairy Science 87, 3746-3761. 
Annen, E.L.; Fitzgerald, A. C.; Gentry, P. C.; McGuire, M. A.; Capuco, A. V.; Baumgard, L. H.; 
Collier, R. J., 2007: Effect of continuous milking and bST supplementation on mammary 
epithelial cell turnover. Journal of Dairy Science 90, 165-183. 
Bachman, K. C., 2002: Milk production of dairy cows treated with estrogen at the onset of a short dry 
period.  Journal of Dairy Science 85, 797-803. 
Bachman, K. C.; Schairer, M. L., 2003: Invited review: Bovine studies on optimal lengths of dry 
periods. Journal of Dairy Science 86: 3027-3037. 
Burvenich, C.; Van Merris, V.; Mehrzad, J.; Diez-Fraile, A.; Duchateau, L., 2003: Severity of E. coli 
mastitis is mainly determined by cow factors. Veterinary Research 34, 521-564. 
Cameron, R. E.; Dyke, P. B.; Herdt, T. H.; Kaneene, J. B.; Miller, R.; Buckholz H. F.; Liesman, J. S.; 
Vandehaar, M. J.; Emery, R. S., 1998: Dry cow diet, management, and energy balance as risk 
factors for displaced abomasum in high producing dairy herds. Journal of Dairy Science 81:132-
139. 
CHAPTER III-SHORT DRY PERIODS FOR DAIRY COWS 
 
 
 125 
 
 
Capuco, A. V.; Akers, R. M.; Smith J. J., 1997: Mammary growth in Holstein cows during the dry 
period: quantification of nucleic acids and histology. Journal of Dairy Science 80, 477-487. 
Capuco, A. V.; Ellis, S. E.; Hale, S. A.; Long, E.; Erdman, R. A.; Zhao, X.; Paape, M. J., 2003: 
Lactation persistency: insights from mammary cell proliferation studies. Journal of Animal 
Science 81, 18-31. 
Chilliard, Y., 1999: Metabolic adaptations and nutrient partitioning in the lactating animal. Pages 530-
552 in Biology of Lactation. Martinet, J.; Houdebine, L. M.; Head, H. H.,  ed. Institut National de 
la Recherche Agronomique (INRA), Paris, France. 
Coppock, C. E.; Everett, R. W.; Natzke, R. P.; Ainslie H. R., 1974: Effect of dry period length on 
Holstein milk production and selected disorders at parturition. Journal of Dairy Science 57, 712-
717. 
Custer, E. M.; Myers, J. L.; Poffenbarger, P. L.; Schoen, I., 1983: The storage stability of β-
hydroxybutyrate in serum, plasma, and whole blood. American Journal of Clinical Pathology 80, 
375-380. 
Emery, R. S.; Liesman, J. S.; Herdt, T. H., 1992: Metabolism of long chain fatty acids by ruminant 
liver. Journal of Nutrition 122, 832-837. 
Enevoldsen, C.; Sørensen, J. T., 1992: Effects of dry period length on clinical mastitis and other major 
clinical health disorders. Journal of Dairy Science 75, 1007-1014. 
Farries, E.; Hoheisel, S., 1989: The influence of reduced dry period on some performance and 
metabolism traits in dairy cows. Journal of Dairy Science 72 (Suppl. 1), 565 (Abstr.). 
Ferguson, J. D.; Galligan, D. T.; Thomsen, N., 1994: Principal descriptors of body condition score in 
Holstein cows. Journal of Dairy Science 77, 2695-2703. 
Funk, D. A., Freeman, A. E., Berger, P. J., 1987: Effects of previous days open, previous days dry, 
and present days open on lactation yield. Journal of Dairy Science 70, 2366-2373. 
Gearhart, M. A.; Curtis, C. R.; Erb, H. N.; Smith, R. D.; Sniffen, C. J.; Chase, L. E.; Cooper, M. D., 
1990: Relationship of changes in condition score to cow health in Holsteins. Journal of Dairy 
Science 73, 3132-3140. 
CHAPTER III-SHORT DRY PERIODS FOR DAIRY COWS 
 
 
126 
 
Grummer, R. R., 1993: Etiology of lipid-related metabolic disorders in periparturient dairy cows. 
Journal of Dairy Science 76, 3882-3896. 
Grummer, R. R.; Rastani, R. R., 2004: Why re-evaluate dry period length. Journal of Dairy Science 
87, (E. Suppl.): E77-E85. 
Gulay, M. S.; Hayen, M. J.; Bachman, K. C.; Belloso, T.; Liboni, M.; Head, H. H., 2003: Milk 
production and feed intake of Holstein cows given short (30-d) or normal (60-d) dry periods. 
Journal of Dairy Science 86, 2030-2038. 
Gulay, M. S.; Hayen, M. J.; Head, H. H.; Wilcox, C. J.; Bachman, K. C., 2005: Milk production from 
Holstein half udders after concurrent thirty- and seventy-day dry periods. Journal of Dairy 
Science 88, 3953-3962. 
Gumen, A.; Rastani, R. R.; Grummer, R. R.; Wiltbank, M. C., 2005: Reduced dry periods and varying 
prepartum diets alter postpartum ovulation and reproductive measures. Journal of Dairy Science 
88, 2401-2411. 
Hales, C. N.; Randle P. J., 1963: Immunoassay of insulin with insulin antibody precipitate. Journal of 
Biochem (Tokyo) 88, 137-146. 
Herdt, T. H., 1992: Therapy of diseases of ruminant intermediary metabolism. Veterinary Clinics of 
North America: Food Animal Practice 8, 91-106. 
Hurley, W. L., 1989: Mammary function during involution. Journal of Dairy Science 72, 1637-1646. 
Kuhn, M. T.; Hutchison, J. L., 2005: Methodology for the estimation of days dry effects. Journal of 
Dairy Science 88, 1499-1508. 
Li, P.; Rudland, P. S.; Fernig, D. G.; Finch, L. M. B.; Wilde C. J., 1999: Modulation of mammary 
development and programmed cell death by frequency of milk removal in lactating goats. Journal 
of Physiology 519, 885-900. 
Lotan, E.; Alder, J. H., 1976: Observations on the effect of shortening the dry period on milk yield, 
body weight, and circulating glucose and FFA levels in dairy cows. Tijdschrift voor 
Diergeneeskunde 101, 77-82. 
Lowman, B. G.; Scott, N.; Somerville, S., 1976: Condition Scoring of Cattle. Rev. ed. Bull. East of 
Scotland College of Agriculture, No. 6. East of Scotland Coll. Agric., Edinburgh, Scotland. 
CHAPTER III-SHORT DRY PERIODS FOR DAIRY COWS 
 
 
 127 
 
 
Makuza, S. M.; McDaniel, B. T., 1996: Effects of days dry, previous days open, and current days 
open on milk yields of cows in Zimbabwe and North Carolina. Journal of Dairy Science 79, 702-
709. 
Mashek, D. G.; Beede, D. K., 2001: Peripartum responses of dairy cows fed energy-dense diets for 3 
or 6 week prepartum. Journal of Dairy Science 84, 115-125. 
Morton, J., 2004: Determinants of reproductive performance of dairy cows in commercial herds in 
Australia. Ph.D. thesis, University of Melbourne, Melbourne, Australia. 
National Research Council, 2001: Nutrient requirements of dairy cattle. 7th rev. ed. National 
Academy of Science, Washington, DC. 
Natzke, R. P.; Everett, R. W.; Bray, D. R., 1975: Effect of drying off practices on mastitis infection. 
Journal of Dairy Science 58, 1828-1835. 
Pandey, R. S.; Bhatnagar, D. S.; Gurnani, M., 1978: Inheritance of dry period and its effect on 
subsequent lactation yield in Tharparkar cattle. Indian Veterinary Journal 55, 935-939. 
Rajala-Schultz, P. J.; Hogan, J. S.; Smith, K. L., 2005: Short communication: association between 
milk yield at dry-off and probability of intramammary infections at calving. Journal of Dairy 
Science 88, 577-579. 
Rastani, R. R.; Grummer, R. R.; Bertics, S. J.; Gumen, A.; Wiltbank, M. C.; Mashek, D. G.; Schwab, 
M. C., 2005: Reducing dry period length to simplify feeding transition cows: Milk production, 
energy balance, and metabolic profiles. Journal of Dairy Science 88, 1004-1014. 
Rémond, B.; Ollier, A.; Miranda, G., 1992: Milking cows in late pregnancy: milk production during 
this period and during the succeeding lactation. Journal of Dairy Research 59, 233-241. 
Rosner, B., 2005: Fundamentals of biostatistics, Duxbury Press 6th ed (Duxbury), Harvard 
University, Boston, MA.  
SAS Institute, 1999: SAS User’s Guide. Statistics. Version 8.2 ed. SAS Institute Inc., Cary, NC. 
Schairer, M. L., 2001; Estrogen treatments for the initiation of dry off in dairy cows. Master thesis, 
Florida, Gainesville, USA. 
CHAPTER III-SHORT DRY PERIODS FOR DAIRY COWS 
 
 
128 
 
Schaeffer, L. R.; Henderson, C. R., 1972: Effects of days dry and days open on Holstein milk 
production. Journal of Dairy Science 55, 107-112. 
Smith, A.; Wheelock, J. V.; Dodd, F. H., 1967: Effect of milking throughout pregnancy on milk 
secretion in the succeeding lactation. Journal of Dairy Research 34, 145-150. 
Smith, J.; Becker, K., 1995: 50 to 59 days dry has highest production. Hoard’s Dairyman 140:6. 
Smith, J. W.; Legates, J. E., 1962: Relation of days open and days dry to lactation milk and fat yields. 
Journal of Dairy Science 45, 1192-1198. 
Sorensen, J. T.; Enevoldsen, C., 1991: Effect of dry period length on milk production in subsequent 
lactation. Journal of Dairy Science 74, 1277-1283. 
Swanson, E. W., 1965: Comparing continuous milking with sixty-day dry periods in successive 
lactations Journal of Dairy Science 48, 1205-1209. 
Trinder, P., 1969: Determination of glucose in blood using glucose oxidase with an alternative oxygen 
acceptor. Annals of Clinical Biochemistry 6, 24-27. 
Watters, R. D.; Wiltbank, M. C.; Fricke, P. M.; Guenther, J. N.; Kulick, A. E.; Grummer, R. R., 2006: 
Effect of dry period duration on reproductive measures during the subsequent lactation in 
Holstein cows Journal of Dairy Science 89, 386 (Abstr.). 
Wheelock, J. V.; Rook, J. A. F.; Dodd, F. H., 1965: The effect of milking throughout the whole 
pregnancy on the composition of cow’s milk. Journal of Dairy Research 32, 249–254. 
Wilton, J. W.; Burnside, E. B.; Rennie J. C., 1967: The effects of dry days and days open on the milk 
and butterfat production of Holstein-Friesian cattle. Canadian Journal of Animal Science 47, 85-
90.
CHAPTER IV-SEVERITY OF ESCHERICHIA COLI MASTITIS IN PRIMIPAROUS COWS 
 
 
 129 
 
 
 
CHAPTER IV 
 
SEVERITY OF ESCHERICHIA COLI 
MASTITIS IN PRIMIPAROUS COWS 
 
 
 
 
 
 
 
 
 
 
This chapter is based on: 
 
Pezeshki, A.; Stordeur, P.; Wallemacq, H.; Schynts, F.; Stevens, M.; Boutet, P.; Peelman, L.; De 
Spiegeleer, B.; Duchateau, L.; Delahaut, P.; Bureau, F.; Burvenich, C., 2010: Variation of 
inflammatory dynamics and mediators in primiparous cows after intramammary challenge with 
Escherichia coli. Veterinary Research. Accepted (date of acceptance: 24/08/2010). To be published 
online in January 2011. 
  
CHAPTER IV-SEVERITY OF ESCHERICHIA COLI MASTITIS IN PRIMIPAROUS COWS 
 
 
 131 
 
 
CHAPTER IV 
SEVERITY OF ESCHERICHIA COLI  
MASTITIS IN PRIMIPAROUS COWS  
 
1. INTRODUCTION 
Mastitis can be caused by a large number of bacterial species and in particular Escherichia coli 
(E. coli) can affect many high-producing dairy cows. E. coli penetrates into the udder through the teat 
canal where it grows and triggers a rapid inflammatory reaction. The inflammatory response is a fast 
and mainly non-specific defense that is accompanied by the release and/or “de novo synthesis” of 
specific and non-specific molecules, such as systemic and local hormones and (poly)-peptides 
(Burvenich et al., 2003). The innate immune response to bacterial penetration of the mammary gland 
is evoked within hours of infection. Thus, the outcome of intramammary infection is dictated by 
innate immune system as a primary host factor (Bannerman et al., 2009).  
Both epidemiological and experimental studies have revealed that severity of coliform mastitis is 
of much more concern than its incidence (Burvenich et al., 2003). The clinical expression of 
intramammary E. coli infection reflects the estimation for the cow’s sensitivity to E. coli mastitis. 
There are differences among cows for the clinical signs in the field ranking from mild, to moderate 
and severe. Pathogen, cow and environment are three interdependent factors that influence mastitis 
susceptibility (Burvenich et al., 2003).  
From the various bacterial virulence factors studied during E. coli mastitis (Sanchez-Carlo et al., 
1984), only a few have been found to play an important role in the outcome of the disease. It has been 
found that no specific O-serotype has been linked to bovine E. coli mastitis (Linton and Robinson, 
1984). It has been accepted that the type of E. coli strain is not the main factor in classification of 
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severity. On the other hand, it is evident that the pathogenecity of E. coli in the mammary gland is 
associated with lipopolysaccharide (LPS) (Burvenich et al., 2003). LPS is a non-specific but potent 
factor during the pathogenesis of E. coli.  
Although management factors, mainly during the dry period, might affect the response to 
intramammary infections and cows’ resistance to mastitis during early lactation with changing the 
systemic and local status of the cows (Pezeshki et al., 2007, 2008, 2010), preventive treatments which 
are efficient against contagious mastitis have been shown to be inefficient in the control of E. coli 
mastitis (Oliver et al., 1990).  
The severity of bovine E. coli mastitis is mainly determined by cow or physiological factors 
rather than by the pathogenecity of the invading pathogen and management (Burvenich et al., 2003). 
For example, the influence of several markers such as the number of circulating leukocytes, 
production of reactive oxygen species by neutrophils (Heyneman et al., 1990; Vandeputte-Van 
Messom et al., 1993) and chemotactic activity of polymorphonuclear leukocytes (PMN) (Kremer et 
al., 1993a,b; van Werven et al., 1997; Dosogne et al., 1997) have been related to the severity of E. coli 
mastitis.  
It is known that several host determinants including stage of lactation, age of the host, genetic 
resistance, nutritional status, other periparturient diseases, and the vaccination status have an impact 
on the sensitivity for coliform mastitis (Paape et al., 2002). The growth of E. coli in the udder cistern 
is specially related with the period of lactation and parity of cows. E. coli mastitis with severe clinical 
symptoms is more frequently observed around calving and during early lactation in high producing 
dairy cows, whereas symptoms are mild to moderate and the cure rate of the animal is high during 
mid and late lactation when cows are adapted. Delay in mobilization rate of PMN into the udder 
(Vandeputte-Van Messom et al., 1993), a reduced capacity of milk and blood PMN to generate 
reactive oxygen species (ROS) (Heyneman et al., 1990; Mehrzad et al., 2001), low viability of 
resident milk PMN and a decrease of CD11a and CD62L levels (Dosogne et al., 1997; Diez-Fraile et 
al., 2000) during early lactation might explain the more severe disease course during this period. The 
reasons for a compromised immune system during the peripartum and early lactation is not well 
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understood, however the influence of hormonal, metabolic and nutritional status associated with 
pregnancy has been addressed in this regard (reviewed by Pezeshki et al., 2010). Cow parity is 
another important physiological factor that influences the severity of clinical mastitis (van Werven et 
al., 1997; Mehrzad et al., 2002). A large variation in the severity of the disease is observed among 
cows during early lactation, but severe clinical cases are mostly seen among multiparous cows rather 
than primiparous cows during this period. Older cows exhibit higher colony-forming units (cfu) 
during coliform mastitis (van Werven et al., 1997). It has been found that the function of blood PMN 
is higher in younger animals than older cows after their fourth parturition (van Werven et al., 1997). 
Additionally, different viability and oxidative burst between primiparous and multiparous cows has 
been reported during the periparturient period (Mehrzad et al., 2002). To our best knowledge the 
inflammatory status of primiparous cows ranking based on severity after intramammary infection of 
E. coli is poorly understood during early lactation. Physiological factors have been mainly studied in 
multiparous cows ranging from second lactation to sixth lactation (Heyneman et al., 1990; 
Vandeputte-Van Messom et al., 1993; Kremer et al., 1993a, b; van Werven et al., 1997; Dosogne et 
al., 1997).  
Thromboxanes (TXs), prostaglandins (PGs), leukotrienes (LTs) and lipoxines (LX), which are the 
enzymatically generated products of cyclooxygenases (COX) and lipoxygenases, are generated during 
inflammation and act as major pro-inflammatory mediators (Fig. 1). There is evidence that TXB2 and 
PGE2 might have an important role in severity of E. coli mastitis in primiparous cows during early 
lactation (Vangroenweghe et al., 2005). Vangroenweghe et al (2005) indicated that carprofen-treated 
animals generally demonstrated a lower clinical severity score within 3h of nonsteroidal anti-
inflammatory drug (NSAID) administration. Although not significantly, NSAID treatment reduced 
the concentration of TXB2 and PGE2 in milk in that study, but it had no effect on chemotactic 
inflammatory mediators and early innate immune molecules. Additionally, it has been reported that 
NSAIDs inhibit COX activity (Kopcha et al., 1992). LTB4 is known to induce infiltration and 
sequestration of the neutrophils in the bovine mammary gland, whereas LXA4 serve as neutrophil 
“stop signals” in inflammation (Levy et al., 2001). As excessive recruitment of neutrophils can 
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exacerbate the inflammatory process via releasing detrimental intracellular products for tissues, 
persistence of LTB4 production or its ratio with LXA4 could be of particular importance in severity 
of the disease. We hypothesize that the magnitude of eicosanoids response plays an important role in 
the susceptibility to E. coli mastitis during early lactation in primiparous cows and can influence the 
resolution of E. coli mastitis.  
 
 
Fig. 1. Pathways in biosynthesis of eicosanoids. Eicosanoids drive from the fatty acids that are present 
in the cell membrane. The biosynthesis of eicosanoids begins by mechanical trauma, cytokines, 
growth factors or other stimuli. The formation of the most important eicosanoid derivatives of 
arachidonic acid and its analogs is initiated by cyclooxygenases (COX) and lipoxygenases (LOX). 
COX converts arachidonic acid first into prostaglandin G2 (PGG2) and then PGH2. PGH2 is the 
common precursor of prostaglandins E2 and F2 and of prostaglandin I2 (prostacyclin). It is also the 
precursor of thromboxane A2 (TXA2). Lipoxygenase 5 converts arachidonic acid into 5-hydroperoxy-
eicosatetraenoic acid (5-HPETE), which is the precursor of leukotrienes. The Figure is adapted from 
Heckmann et al., Frontiers in Zoology 2008, 5:11.  
 
Coliform mastitis has adverse effects on the economics of milk production by reducing the 
quantity and quality of milk. An automated method for early detection of mastitis would prevent its 
progression and likely reduce the costs brought about by repeated treatments. Inflammation of the 
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udder or mastitis results in increase of the temperature. The radiated heat emitted by the skin, 
reflecting subcutaneous circulation and tissue metabolism could be measured using infrared 
thermography (Berry et al., 2003). Hovinen et al. (2008) tested the thermography technique for early 
detection of experimentally induced acute clinical mastitis using intramammary infusion of E. coli 
endotoxin in dairy cows. They concluded that infrared thermography was not suitable for early 
detection of LPS-induced clinical mastitis. Similarly, Barth (2000) concluded that infrared 
thermography is not a suitable method for early detection of subclinical mastitis. However, Berry et 
al. (2003), who developed a predictive model for the temperature of the udder surface, proposed the 
use of thermography for early detection of mastitis. Although the thermography technique has been 
tested for early detection of experimentally induced acute clinical mastitis using E. coli endotoxin or 
subclinical mastitis, the technique has not yet been validated for evaluating the temperature changes 
of the udder’s skin surface after challenge with E. coli. 
The objectives of the current study were to investigate (i) the outcome of experimental E. coli 
mastitis in primiparous cows during early lactation in relation to production of eicosanoids and 
inflammatory indicators in blood and milk and to determine (ii) whether thermography is a valid 
method for detecting the temperature changes of the affected udder.  
 
2. MATERIALS AND METHODS 
2.1. Experimental Animals and Study Facilities  
In total, 9 primiparous Holstein Friesian cows in early lactation ranging in weight (one week after 
calving) from 511 to 615 kg (566 ± 40 kg) were used. Cows arrived at the experimental dairy farm 
(Center of Rural Economy-CER-Marloie, Belgium) 15 days before expected calving date (actual day 
was 22 ± 6 day (d)). The cows calved at 23 to 34 months of age (28 ± 3 month) in the tie-stall where 
the experiment was performed. Cows were milked twice a day at 0630 and 1830 using a quarter 
milking device (Heyneman et al., 1990). The animals were on a system of zero grazing from arrival 
until the end of the experiment. After parturition, cows were fed a daily ration according to the 
National Research Council system (NRC, 2001). The forages were delivered in two equal meals at 
CHAPTER IV-SEVERITY OF ESCHERICHIA COLI MASTITIS IN PRIMIPAROUS COWS 
 
 
136 
 
0700 and 1900 while the concentrate was fed in several times, according to the physiological phase. 
The composition and ingredient of the diet (lactation diet) used during the experiment is reported in 
Table 1. The quantity of the concentrate was fixed according to milk production (1 kg per 3 kg milk). 
Water was provided ad libitum.  
 
Table 1. Ingredient and nutrient compositions of the diet administered during the  
experimental period 
Ingredient (Kg/d)  
  Grass silage 18.50 
  Barley 1.00 
  Beet pulp 2.00 
  Commercial concentrate 1 8.00 
Nutrient composition (% dry matter basis)  
  dry matter  (Kg/d) 17.18 
  NEL
2 (Mcal/kg) 1.55 
  Crude protein 15.03 
  Neutral detergent fiber 48.52 
  Non-fibrous carbohydrate3 25.66 
1 
Contained 18% crude protein, 3% fat, 13% cellulose, 8000 UI/kg Vitamin A,  
1200 UI/kg Vitamin D3, 15 mg/kg Vitamin E, 9.6 mg/kg CU2SO4. 
2 
Calculated according to NRC (2001). NEL was estimated based on a cow  
weighing 650 kg and average 21.8 kg dry matter intake per day. 
3
Calculated as 100-[(neutral detergent fiber-neutral detergent fiber crude protein)+crude 
protein+ether extract+ash] (NRC, 2001). 
 
Experimental infections were approved by the Ethical Committee of the CER (No. META-DVA-
1). After an adaptation period (preinoculation control period), animals were inoculated 
intramammarily with the E. coli suspension at 24 ± 6 days in milk. Bacteriological examination of the 
milk was carried out according to International Dairy Federation (IDF, 1981) recommendations. The 
cows were clinically healthy and free of major mastitis pathogens through 3 consecutive 
bacteriologically negative examinations (d -7, -4, -2 relative to day of challenge; morning), with a 
quarter foremilk somatic cell count (SCC) below 200,000 cells/ml. Daily quarter milk production 
(QMP) (the yield of the evening and subsequent morning milking)  was recorded at d -7, -4, -3, -2, -1, 
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0, +1, +2, +3 and +6, relative to day of inoculation. On average, the concentration of preinfection β-
hydroxybutyrate (BHBA), glucose and non-esterified fatty acids (NEFA) was 1.09 ± 0.42, 3.70 ± 0.42 
and 0.33 ± 0.17 mmol/L, respectively. At the arrival and at d -6, -5, -3, -1, +4 and +5 relative to the 
day of inoculation, the cows were clinically observed for general abnormalities. Animals with severe 
clinical signs (no appetite, severe dehydratation, depression, hypothermia and coma) or any clinical 
condition that could interfere with the results of study were excluded from the trial.  
 
2.2. Bacteria and Intramammary Inoculation  
E. coli strains, isolated from bovine mastitis, are a component of the normal intestinal flora of 
cows and are opportunistic pathogens. These strains are not different from strains isolated from 
bovine faecal samples and are not harbouring specific virulence factors. The strain used in this study, 
to reproduce clinical signs of mastitis, was the E. coli strain P4, serotype O32:H37. This strain is 
present in the environment and or in faeces of bovine and is non pathogenic for human and animals. It 
was isolated and characterised from a clinical case of coliform mastitis by Dr. Alan Hill in Compton 
(UK) and is used worldwide by mastitis researchers. The strain was maintained in a stock on 
lyophilization medium at -20°C. A stock of bacteria was sub-cultured in brain-heart infusion broth 
(CM225; Oxoid, Nepean, ON, Canada) during 3 consecutive d at 37°C. Subsequently, subcultures 
were washed 3 times with pyrogen-free phosphate buffered saline (PBS) and resuspended in PBS 
(Vangroenweghe et al., 2005). Immediately before inoculation, a final concentration of 1×104 cfu/mL 
bacterial suspension in pyrogen-free PBS was prepared.  
On d 0 or the day of challenge, 30 minutes after morning milking, the teat ends were disinfected 
with 70% ethanol containing 0.5% chlorexidine. Subsequently, the bacterial suspension was 
inoculated aseptically into the left quarter’s teat cistern of all 9 cows by means of a sterile, pyrogen-
free teat cannula (length, 7 cm, I.D., 2 mm; Me.Ve.Mat, Deinze, Belgium). The total volume of 
inoculation was 10 ml, consisting of 1 ml of bacterial suspension and 9 ml of pyrogen-free saline 
solution (NaCl 0.9%; Baxter N.V., Lessines, Belgium) per quarter (Vangroenweghe et al., 2004a,b). 
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After inoculation, the left glands were massaged for 30s to disperse the bacterial suspension 
thoroughly into the udder cistern.  
 
2.3. Sampling Procedure 
Blood samples were collected in the morning on d -2, +1, +2, +3, +6 relative to the day of 
challenge. On the day of challenge, blood samples were collected at -0.5, +0.5, +3, +6, +9, +12, +15, 
+18, +21 hours (h) relative to the time of challenge. Blood samples (3 X 9 ml) were drawn aseptically 
from the external jugular vein by venipuncture into 3 vacutainer tubes (BD Biosciences, USA) 
containing Lithium-Heparin (10 IU/l), ethylene diamine tetra-acetic acid (EDTA) or no anticoagulant. 
Blood samples in tubes containing Lithium-Heparin were immediately cooled in a water and ice 
mixture, transferred to the laboratory CER and used for measuring the blood metabolites. Plasma was 
separated by centrifugation at 4500 RPM for 16 minutes (Centrifugette 4203, ALC International Srl, 
Cologno Monzese, Italy) and stored at -20°C until analysis. The blood samples in tubes containing 
EDTA and dry tubes were allowed to clot at room temperature for 3 h and transferred to the 
laboratory within 24 h. Serum was harvested from blood samples in dry tubes by centrifugation at 
1,400 × g for 10 min. Serum was stored at -20°C for later analysis of haptoglobin. The blood samples 
in tubes containing EDTA were used for the determination of hematologic parameters.  
Quarter milk samples were taken on d -7, -4, -2, +1, +2, +3, +6 relative to day of challenge. On 
the day of challenge, milk samples were collected at -0.5, +0.5, +3, +6, +9, +12, +15, +18, +21 h 
relative to the time of challenge. Equal volumes of milk samples were collected for each specific 
analysis within first 12 h after the challenge and at other time points mentioned above. Milk samples 
(50 ml) in the morning and evening were collected manually for the determination of SCC and milk 
composition (fat, protein and lactose). Foremilk (5 ml) was aseptically collected for quantification of 
E. coli (cfu/ml) from 3 PIH onwards. The milk samples were kept on ice during the transport. The 
milk samples for determination of SCC, milk composition and E. coli were stored at 4°C until 
analysis. However, the morning milk samples (20 ml) for determination of eicosanoids were stored at 
CHAPTER IV-SEVERITY OF ESCHERICHIA COLI MASTITIS IN PRIMIPAROUS COWS 
 
 
 139 
 
 
-70°C. The collected morning milk samples (5ml) for quantification of ions (sodium, chlorine, and 
potassium) were stored at -20°C until analysis. 
 
2.4. Clinical Examinations 
The cows were examined and scored generally for classical clinical parameters and specifically 
for the mammary gland aspects. Rectal temperature, skin turgor, rumen motility, general attitude 
(Vangroenweghe et al., 2004a) and aspects of the mammary gland such as udder temperature, quarter 
swelling, pain, teat relaxation, milk leakage and milk appearance (Vangroenweghe et al., 2005) were 
recorded by a veterinarian until 6 days after the intramammary inoculation of E. coli. Udder 
temperature, quarter swelling and pain were scored through manual palpation of the udder, whereas 
milk leakage, teat relaxation and milk appearance were assessed through visual inspection. All 
examinations were recorded and filled out manually. 
 
2.5. Infrared thermographic imaging 
The infrared images were taken from the caudal view of the experimental and control quarters at 
0, 3, 6, 9, 10, 11, 12, 13, 14, 15 PIH. Animals were not restricted at this time and the images were 
captured walking around the animals until being able to take the pictures. To ensure integrity of the 
thermal data and reduce the effect of environmental factors, some considerations were standardized in 
the present study: (i) all infrared images were captured within the stall and (ii) at the same distance 
(1.5-2m) from the subject, when (iii) cows were in rest with no exercise. (iv) circadian rhythm effects 
were controlled by scanning the animals at the same time of the day. Moreover, any extraneous debris 
and foreign materials like manure, straw and moisture were removed from the surface of body to have 
clear infrared images from the skin of the udder. A hand-held portable infrared camera 
(ThermaCAM® E2, FLIR SYSTEMS) with thermal sensitivity of 0.12°C was used to take images of 
all animals. The camera was calibrated to ambient temperature and absorptive conditions on each 
scanning time. An emissivity value of 0.93 was set on the camera before performing the scanning.  
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2.6. Milk Prostaglandin E2 
Milk PGE2 concentrations were determined with a commercially available PGE2 competitive 
enzyme-linked immunosorbent assay (ELISA) kit (Neogen, Lexington, KY) according to 
manufacturer’s instructions. Briefly, quarter milk samples were filtered using a 70-μm cell strainer 
(Becton Dickinson; Erembodegem, Belgium) to discard cell clusters. One milliliter of milk sample 
was diluted with 1 mL of distilled water, and 1 mL of the mixture was loaded on a 100-mg C18 
column (Varian, St.-Katelijne-Waver, Belgium) after conditioning with 2 mL of methanol followed 
by 2 mL of distilled water. The column was subsequently washed with 1 mL of each of the following 
substances: distilled water, methanol: distilled water (30:70), and hexane. The column was 
centrifuged at 3200 × g for 3 min to remove any trace of hexane. Finally, eicosanoids were eluted 
from the C18 column with 1mL of methanol. The collected elute was dried under a stream of nitrogen. 
Dried samples were reconstituted in an appropriate volume of assay buffer. Fifty microliters of the 
sample was added to the flat-bottomed microtiter plates, precoated with mouse monoclonal antibodies 
against PGE2. Subsequently, 50 μL of diluted enzyme conjugate was added and the mixture was 
incubated at 20°C for 1 h. After washing the plates, 150 μL of substrate solution was added and 
incubated (15 min, 20°C). The optical density at 630 nm and a correction wavelength at 490 nm were 
measured on a microplate reader (Multiskan PLUS; Labsystems). The concentration of PGE2 
(expressed in pg/mL) was calculated by extrapolation using linear regression from a standard curve of 
known amounts of PGE2. 
  
2.7. Milk Thromboxane B2 
Milk TXB2 concentrations were determined with a commercially available TXB2 competitive 
ELISA kit (Neogen, Lexington, KY) according to the manufacturer’s instructions. Samples were 
prepared for analysis as described above for PGE2. Briefly, 50 μL of the sample was added to the flat-
bottomed microtiter plates precoated with rabbit monoclonal antibodies against TXB2. After addition 
of 50 μL of diluted enzyme conjugate, the mixture was incubated at 20°C for 1 h. After washing, 150 
CHAPTER IV-SEVERITY OF ESCHERICHIA COLI MASTITIS IN PRIMIPAROUS COWS 
 
 
 141 
 
 
μL of substrate was added (15 min, 20°C). The optical density at 630 nm and a correction wavelength 
at 490 nm were measured on a microplate reader (Multiskan PLUS; Labsystems). The concentration 
of TXB2 (expressed in pg/mL) was calculated by extrapolation using linear regression from a 
standard curve of known amounts of TXB2. 
 
2.8. Milk Leukotriene B4 and Lipoxin A4 
Eicosanoids were eluted from the milk samples as explained above. Duplicate determinations of 
milk leukotriene B4 (LTB4) and lipoxin A4 (LXA4) concentrations were performed with a 
commercial ELISA kit (Neogen, Lexington, KY) according to the manufacturer’s instructions. The 
range of detection was 40 to 4000 pg/ml and 20 to 2000 pg/ml for the LTB4 and LXA4 kits, 
respectively. Cross-reactivities were <1% for LTC4 and LTD4 and <0.1% for arachidonic acid in the 
LTB4 kit, while it was 1% for LXB4 and <0.01% for LTB4 in the LXA4 kit. 
 
2.9. Numbers of E. coli in Inoculated Quarters  
The number of E. coli (cfu/mL) in milk after experimental inoculation was determined by 
appropriate 10-fold dilutions of each milk sample in PBS. Ten microliters of these dilutions were 
plated out on drigalski agar (Biokar Diagnostic, Beauvois, France). All tests were performed in 
duplicate. Colonies were counted after 24h of incubation at 37°C. The colony count was converted to 
cfu/mL based on the factor of dilution and finally expressed as log10/mL for statistical analysis. 
 
2.10. Milk Composition and Somatic Cell Count 
For determination of sodium, chlorine and potassium, milk samples were centrifuged at 1000 × g 
(30 min, 4°C). Fat was removed and the obtained skimmed milk was immediately stored at -80°C 
until analysis. After thawing, ion concentrations were measured using an ion-selective electrode 
analyzer (Ilyte; Instrumentation Laboratories, Milan, Italy). Milk SCC was determined using a 
fluoropto electronic method (Fossomatic 400 cell counter; Foss Electrics, HillerØ, Denmark). Milk 
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fat, protein and lactose were determined using mid-infrared-photospectrometry (MilkoScan 4000; 
Foss Electric, HillerØ, Denmark).  
 
2.11. Plasma Metabolites 
Plasma metabolites were analyzed at 37°C using a clinical auto-analyzer (ILAB 600, 
Instrumentation Laboratory, Lexington, MA-USA). The concentration of plasma glucose, NEFA 
and BHBA were measured twice at -48 and -0.5 PIH. Plasma glucose was determined using 
available kits (IL-Test, Instrumentation Laboratory Company, Lexington, MA-USA). NEFA were 
quantified by available commercial kits (Wako Chemicals GmbH, Neuss, Germany). BHBA was 
determined using methods described by Bertoni et al. (1998), adapting forthe ILAB 600 condition. 
Zinc was determined by available commercial kits (Wako Chemicals GmbH, Neuss, Germany). 
Magnesium and phosphorus were determinated with a kit of Instrumentation Laboratory Company 
(Lexinghton, MA-USA). Plasma calcium was determined using available kit (IL-Test, 
Instrumentation Laboratory Company, Lexington, MA-USA). 
 
2.12. Acute Phase Proteins 
Haptoglobin and ceruloplasmin were determined using methods described by Bertoni et al. 
(1998), adapting them to the ILAB 600 condition. Albumin was determined using kit purchased 
from Instrumentation Laboratory (IL-Test).  
 
2.13. Hematologic Parameters 
The packed cell volume (PCV) was determined in hematocrit capillaries (60 µl/75 mm; 
Hirschmann Laborgerate, Eberstadt, Germany) using a micro-hematocrit centrifuge (Hawksley, 
London, UK). Total blood leukocyte count was determined using an electronic particle counter 
(Coulter Counter Z2; Coulter Electronics Ltd., Luton, UK). Plasma haemoglobin concentrations were 
determined using the Drabkin’s method. Mean corpuscular volume (MCV) and mean corpuscular 
haemoglobin (MCH) were calculated. Differential blood leukocyte count was performed on blood 
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smears. Briefly, 10 μl of homogenized whole blood was added onto a micro-slide, smears were 
prepared and stained as previously described (Mehrzad et al., 2001). Differential counts were done 
with bright field microscopy.  
 
2.14. Plasma Tumor Necrosis Factor-α and Interleukin-1β  
Plasma tumor necrosis factor-α (TNF-α) and Interleukin-1β (IL-1β) were quantified with ELISA 
as previously described (Bannerman et al., 2004) with minor modifications. Briefly, flat-bottom 96-
well plates (Nalge, Nunc International, Rochester, NY) were coated overnight at 4ºC with 100 μl of 
0.05 M sodium carbonate (pH 9.6) containing either mouse anti-recombinant bovine TNF-α (1:1000) 
or mouse anti-ovine IL-1β (5 μg/ml) antibody (Serotec Ltd., Oxford, UK). After washing the plates 
(4X) with 0.05% Tween 20 in 50 mM Tris-buffer saline (TBS), pH 8.0, the plates were blocked with 
2% fish skin gelatin (Sigma Chemical Co., St. Louis, MO) for 1 h at room temperature. 100 μl of 
whey samples (1:20 and 1:2 for TNF-α and IL-1β, respectively) were added to each well after 
washing the plates with TBS. Standard curves of known amounts of bovine TNF-α (Generously 
provided by Dr. Max J. Paape and Dr. Douglas D. Bannerman, Bovine Functional Genomics 
Laboratory, USDA-ARS, Beltsville, MD) or recombinant bovine IL-1β (Pierce Technology, Inc. 
Rockford, IL) were assayed in parallel. Plates were incubated at room temperature for 1.5 h (TNF-α) 
or 1 h (IL-1β) and then washed as mentioned above. One hundred microliters of rabbit anti-
recombinant bovine TNF-α polyclonal serum (1:5000 in TBS wash buffer containing 2% gelatin) or 
rabbit anti-recombinant bovine IL-1β polyclonal serum (5 μg/ml; Serotec Ltd) was added to each 
well. Plates were incubated at room temperature for 1 h and then washed. 100 μl of diluted (1:10000 
in TBS containing 2% gelatin) goat anti-rabbit IgG conjugated to horseradish peroxidase (HRP; 
Becton Dickson Corp) were added to each well of the respective plates. The plates were incubated for 
1 h and then washed. Following washing 100 μl of 3,3′,5,5′-tetramethylbenzidine substrate solution 
(Kirkegaard and Perry Laboratories Inc., Gaithersburg, MD) added to each well. By adding 100 μl of 
2 M H2SO4, the reaction was stopped and absorbance read at 450 nm on a microplate reader (Bio-Tec 
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Instruments, Inc., Winooski, VT). A background correction reading at 565 nm was subtracted from 
the 450 nm absorbance readings.  
 
2.15. Infrared Images 
The output of the infrared camera was un-calibrated digitized images with pixel points. Pixel 
points were analyzed with appropriate computer software (FLIR QuickReport 1.2) to generate mean 
temperature of the skin surface. These values then were mapped to degrees centigrade. The mean 
temperature variation of four different areas between the groove of the udder and the hind leg and 
median suspensory ligament on caudal udder skin surface were examined. The areas were selected 
above the infected and control teats and centered according to the teats. The mean temperature of 
rectangles of 25 × 25 pixels drawn by the help of the camera software was measured (Fig. 2). The two 
areas just above the teats showed the smallest variation in temperature of the udder (Fig. 2). This area 
showed the smallest variation in temperature of the udder. An example of the infrared images at 3 and 
12 PIH is shown in Figure 2A and Figure 2B, respectively. 
 
 
 
Fig. 2. Thermal images of the caudal part of the udder of a primiparous cow after challenge with 
Escherichia coli strain P4, serotype O32:H37 (1×10
4
 cfu) at post infusion hour (PIH) 3 (A) and 
PIH 12 (B) during early lactation. Two fixed 25 × 25 pixel areas above the teats used to extract the 
data at various time points following intramammary infection. Left quarters were infected at PIH 0 
and right quarters were control quarters. There was a significant increase for udder skin 
temperature between PIH 0 and PIH 12 in both infected (P=0.02) and control quarters (P=0.009).  
A B 
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2.16. Severity determination 
 In the current study, two methods were used to determine the severity of E. coli mastitis. The 
first method was a minute-to-minute method based on the clinical symptoms recorded during the 
experiment (Vangroenweghe et al., 2004a; Wenz et al., 2001). Clinical data (rectal temperature, skin 
turgor, rumen motility, general attitude) obtained from PIH 6 to 48 were scored and based on their 
total score, cows were classified into mild, moderate and severe responders. The second method was a 
global severity estimation method over 24h (a day-to-day method) based on the milk production in 
uninfected quarters (Heyneman et al., 1990). In the current study, %decrease of QMP in the 
uninfected quarters at first 48 PIH was used to determine the severity of E. coli mastitis. The 
uninfected QMP data from evening and next morning milkings were pooled to obtain the daily milk 
production. Animals with uninfected QMP higher than 50% at 48 PIH compared to the QMP at -24 
PIH in the same quarters were scored as moderate responders, whereas animals with uninfected QMP 
lower than 50% at 48 PIH compared with that at -24 PIH were scored as severe responders 
(Vandeputte-Van Messom et al., 1993; Dosogne et al., 1997). 
 
2.17. Statistical Analysis 
The main objective was to study the disease severity in relation with production of different 
inflammatory mediators/indicators and clinical parameters. %decrease of QMP in uninfected quarters 
at 48 PIH compared to QMP in the same quarters at -24 PIH was used to be an indicator of the disease 
severity and applied for statistical analysis in the present study. The relative decrease in QMP of 
uninfected quarters was 4, 7, 9, 14, 17, 19, 28, 30 and 72% for 9 cows. To investigate the relationship 
of various parameters analyzed in milk and blood and disease severity, a mixed model was used, with 
cow as random effect, and time, relative decrease in milk and their interactions as fixed effects. To 
explore the relationship between disease severity and systemic and local inflammatory responses, the 
Kendall's correlation coefficient between categorical parameters and disease severity was calculated. 
To study the kinetics for temperature of udder skin in infected and uninfected quarters, a mixed model 
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was used, with temperature as response variable, cow as random effect, and PIH, udder point and 
their interaction as categorical fixed effects. To compare the measurements at different time points 
with time zero, the mixed model was used, with measured parameters as response variable, cow as 
random effect and PIH as categorical fixed effect. For milk production, measurements at all times 
were compared with time -48. Significance level for multiple comparisons was adjusted by Dunnett's 
procedure. A P value of < 0.05 was considered significant. Values in the graphs shown are mean ± 
SEM. 
 
3. RESULTS 
3.1. Preinfection Milk and Blood Constituents and Disease Severity  
Preinfection values of the milk constituents of the cows were given in Table 2. A relationship was 
found between preinfection SCC and disease severity (P=0.002; Table 3), with higher preinfection 
SCC corresponding to higher disease severity. We failed to detect a significant relationship between 
preinfection milk fat, protein, lactose, and milk production and disease severity (Table 3). No 
correlation was found between the severity of experimental coliform mastitis and preinfection 
concentrations of BHBA, glucose and NEFA. 
 
Table 2. Preinfection levels of milk constituents of 9 primiparous cows challenged intramammarily with 1×10
4
 
cfu Escherichia coli P4, 032:H37 in left quarters during early lactation. Values are presented as means ± SEM 
   Average of 18 quarters  
   SCC (×1000/mL×1/24h per quarter)   36.67 ± 8.94  
   Milk production (L/24 h per 2 quarters)   5.86 ± 0.25  
 Fat (g/L×1/24h per quarter)   54.03 ± 4.72  
 Protein (g/L×1/24h per quarter)   29.78 ± 0.81  
 Lactose (g/L×1/24h per quarter)   43.84 ± 4.90  
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Table 3. Relationship between preinfection milk constituents of 18 quarters and disease severity in 9 
primiparous cows challenged intramammarily with 1×10
4
 cfu Escherichia coli in left quarters during early 
lactation. The slope value indicates the changes in milk production reduction for one unit change in the milk 
constituents. 
 Slope SEM P-value 
SCC (×1000/mL×1/24h per quarter) 0.67 0.14 0.002 
Milk production (L/24 h per 2 quarters) -3 2.99 0.354 
Fat (g/L×1/24h per quarter) -0.20 0.55 0.726 
Protein (g/L×1/24h per quarter) -0.74 3.22 0.825 
Lactose (g/L×1/24h per quarter) 0.06 0.53 0.916 
 
 
3.2. Measured Parameters and Disease Severity 
The relationship between the severity of experimentally induced E. coli mastitis in primiparous 
cows during early lactation and all parameters analyzed in the current study is given in Table 4. The 
pattern of changes for each parameter is discussed in detail in the next sections.  
 
3.3. Disease Severity and Local and Systemic Inflammatory Response 
Following intramammary E. coli inoculation, rectal temperature (RT), skin turgor score and 
general attitude score rapidly increased to reach a maximum at PIH 9 (Fig. 3A, B, C). There was a 
relapse of RT and RT increased up to 39.7°C again at PIH 24. There was no relationship between 
disease severity and RT changes. Rumen motility was reduced in all cows from PIH 3 onward (Fig. 
3D). The depression of reticulorumen motility was more pronounced at PIH 9, with 7 animals 
showing a slight decrease in motility (1 to 2x/2min); one animal showed a complete absence of 
reticulorumen activity. Reticulorumen motility was normal for all cows PIH 48 onward. A significant 
negative correlation was found between the rumen motility rate and disease severity (r= -0.56; 
P=0.04).  
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Table 4. Relationship between all measured parameters in 9 primiparous cows challenged intramammarily 
with 1×10
4
 cfu Escherichia coli in left quarters and disease severity during early lactation. The slope value 
indicates the changes in milk production reduction for one unit change in the milk constituents. 
Parameter Slope SEM P-value
1
 
Milk prostaglandin E2 92.0080 14.9049 ˂ 0.01 
Somatic cell count  -21.4699 9.0759 0.03 
Plasma basophils -0.0008 0.0002 ˂ 0.01 
Milk sodium  0.7328 0.3329 0.03 
Milk potassium  -0.3720 0.0852 ˂ 0.01 
Plasma tumor necrosis factor-α 0.0012 0.0006 0.04 
Plasma ceruloplasmin -0.0083 0.0034 0.02 
Plasma calcium -0.0024 0.0006 ˂ 0.01 
Packed cell volume 0.0006 0.0001 ˂ 0.01 
Hemoglobin 0.0180 0.0050 ˂ 0.01 
Mean corpuscular hemoglobin -0.0415 0.0040 ˂ 0.01 
Mean corpuscular volume -0.1074 0.0109 ˂ 0.01 
Red blood cells 0.0305 0.0035 ˂ 0.01 
Plasma interleukin-1  -0.0042 0.0011 ˂ 0.01 
Milk thromboxane B2 18.4953 14.1256 NS 
Milk leukotriene B4 21.7705 10.5350 NS 
Milk lipoxin A4 -1.5508 4.9970 NS 
CFU/mL -0.0036 0.0038 NS 
Plasma neutrophils 0.0006 0.0089 NS 
Plasma eosinophils  0.0002 0.0012 NS 
Plasma white blood cells  -0.0084 0.0117 NS 
Plasma lymphocytes -0.0083 0.0048 NS 
Plasma monocytes -0.0019 0.0010 NS 
Milk chlorine  0.1061 0.1226 NS 
Lactose -0.0470 0.0324 NS 
Serum haptoglobin 1.3081 1.0972 NS 
Plasma albumin 0.0145 0.0100 NS 
Milk fat 0.0031 0.0763 NS 
Platelet 0.6316 0.7811 NS 
Milk protein -0.0264 0.0250 NS 
Rectal temperature 0.0027 0.0028 NS 
Plasma zinc 0.0096 0.0084 NS 
Plasma phosphorus 0.0007 0.0018 NS 
1 
NS=Not significant 
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Fig. 3. Rectal temperature (A), skin turgor score (B), general attitude score (C) and rumen motility rate (D) of 9 
primiparous cows challenged intramammarily in 18 quarters (left quarters) with 1×10
4
 cfu Escherichia coli 
strain P4, serotype 032:H37 at post infusion hour (PIH) 0 during early lactation. Means (± SEM) are shown. The 
clinical symptoms were scored according to Vangroenweghe et al (2004a). 
 
Local clinical signs at the level of the infected mammary gland were also investigated. Cows 
became restless and showed symptoms of pain. The first changes in milk appearance (flakes, color, 
etc) occurred at PIH 9, with 2 animals showing some flakes in milk. Two most severe responders 
showed more flakes and clots and slightly watery milk at PIH 48 and 72. Although milk appearance 
was normal for all moderate responders at PIH 144, watery milk with more flakes and clots was 
observed for the most severely diseased cow at this time point. Milk appearance changes were 
significant for most severely diseased cows. Slight swelling of the infected quarters occurred in 3 
cows at PIH 3. Seven cows showed moderate swelling of the infected quarters at PIH 9. Pronounced 
swelling disappeared gradually, and was already minimal (8 quarters with slight swelling) at PIH 48. 
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There was no relationship between disease severity and quarter swelling. Teat relaxation and milk 
leakage was only observed in a small number of cows. 
 
3.4. Severity Determination 
The number of primiparous cows classified into mild, moderate and severe responders between 
PIH 6 and 48 is given in Table 5. Based on the clinical severity scoring by Vangroenweghe et al. 
(2004a), clinical changes appeared at PIH 6. At PIH 6, 6 animals had a mild clinical score and 3 
animals reacted moderately. At PIH 9, the clinical symptoms progressed mostly to a moderate 
response (n=9). By PIH 12, 7 animals responded moderately, whereas the others showed a mild 
response. Thereafter, most of the animals reacted mildly (Table 5). No severe responders were 
observed at any time point between PIH 6 and 48. Based on uninfected QMP at d +2, only one severe 
responder was identified among used primiparous cows, whereas the other eight cows were 
considered as moderate responders. An example of changes in concentrations of plasma TNF-α and 
milk prostaglandin E2 in one severe and eight moderate responders is shown in Figure 4. 
 
 
Table 5. Classification of infected cows with Escherichia coli (E. coli) into three groups of mild, moderate and 
severe responders based on the severity scoring at postinfusion hour (PIH) 6, 9, 12, 15, 18, 21, 24 and 48 
according to Vangroenweghe et al. (2004a). 18 quarters (left quarters) of 9 primiparous cows were challenged 
intramammarily with 1×10
4
 cfu E. coli P4:032 at PIH 0 during early lactation. The numbers mentioned in the 
body of the table corresponds to the number of animals with the specified score obtained at each time point 
(PIH). Each score is the sum of scores for rectal temperature, skin turgor, rumen motility rate and general 
attitude (2004a) 
 Clinical score 
Mild response Moderate response Severe response 
PIH 0 1 2 3 4 5 6 7 8 
6 0 3 3 1 1 1 0 0 0 
9 0 0 0 1 3 5 0 0 0 
12 0 2 0 4 2 1 0 0 0 
15 2 6 0 1 0 0 0 0 0 
18 4 2 1 1 1 0 0 0 0 
21 1 4 1 2 0 1 0 0 0 
24 3 1 1 1 3 0 0 0 0 
48 8 1 0 0 0 0 0 0 0 
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Fig. 4. Plasma tumor necrosis factor-alpha, milk prostaglandin E2 and plasma interleukin-1 of 8 
primiparous moderate responders and 1 primiparous severe responder challenged intramammarily in left 
quarters with 1×10
4
 cfu Escherichia coli strain P4, serotype 032:H37 at post infusion hour (PIH) 0 during 
early lactation. Means (± SEM) are shown.  
 
 
3.5. Infrared Thermography 
The temperature of the udder skin on the infected quarter was significantly higher than that of the 
control quarter (P=0.04). The mean udder temperature of infected quarters was increased from 3 PIH 
onward (Fig. 5). However, skin temperature of the control quarters was increased from 9 PIH onward 
only. A peak of udder skin temperature in infected and control quarters occurred after the peak of 
rectal temperature (12 vs. 9 PIH, respectively). The temperature of udder skin at 12 PIH for both 
infected and uninfected quarters was significantly higher compared to 0 PIH (P=0.02 and P=0.009, 
respectively). There were no significant differences between udder skin temperatures at other time 
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points when compared to 0 PIH. Thereafter, the udder skin temperature returned to normal in both 
quarters. 
 
Fig. 5. Rectal temperature (♦) and udder skin temperature of the infected (■) and control quarter 
(▲). Swelling of infected quarters: +mild, ++moderate. See legend of Figure 3 for more details. 
 
3.6. Disease Severity and Milk Eicosanoids 
In milk, the mean PGE2 concentration immediately after intramammary inoculation was 2572.9 ± 
1155.6 pg/ml. Overall, there was a significant time effect for PGE2 (P < 0.01; Fig. 6A). There was a 
relationship between disease severity and PGE2 concentration (P < 0.0001), with higher PGE2 
concentrations corresponding to higher disease severity. The mean concentration of milk TXB2 
immediately after infusion of E. coli was 1504.3 ± 1267.7 pg/ml. After infusion of E. coli, TXB2 
changed significantly over time (P < 0.0001; Fig. 6B). TXB2 started to increase from PIH 9 onward 
and returned to its normal level after PIH 24. Immediately after infusion of E. coli, the mean 
concentration of LTB4 was 2270.7 ± 776.5 pg/ml. There was no significant effect of time for 
concentration of LTB4 in milk (Fig. 6C). In milk, the mean concentration of LXA4 immediately after 
infusion was 3513.9 ± 2108.1 pg/ml. The effect of time on the concentration of LXA4 was significant 
(P < 0.0001; Fig. 6D). LXA4 decreased gradually after intramammary infusion of E. coli and did not 
normalize before 144 PIH. We failed to detect any relationship between disease severity and 
concentrations of TXB2, LTB4 and LXA4. 
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Fig. 6. Prostaglandin E2 (A), thromboxane B2 (B), leukotriene B4 (C) and lipoxin A4 (D) in secreta of all 
infused quarters at various times following intramammary infection. See legend of Figure 3 for more 
details. 
 
3.7. Disease Severity and Indicators of Inflammation in Milk and Blood 
The infected and uninfected QMP of cows used in the current study is shown in Figure 7A and 
5B, respectively. In the infected quarters, QMP decreased on d 0, the day of intramammary 
inoculation (Fig. 7A). Infected QMP decreased the lowest level on d +1, relative to day of challenge. 
On d +3, the recovery in the infected quarters was not complete compared to the preinfection.  
The effect of time on the numbers of E. coli in inoculated quarters was significant (P < 0.0001; 
Fig. 8A). Overall, the number of E. coli increased to peak values of 4.96 log10 cfu/100ml at PIH 6. No 
significant correlation was found between disease severity and the number of E. coli.  
On average, the effect of time was not significant on SCC. SCC increased following the 
intramammary E. coli infection (Fig. 8B). There was a significant relationship between disease 
severity and SCC, with lower SCC values observed for more heavily diseased cows (P=0.03). In 
moderate responders, the SCC values exceeded the maximal detection capacity of the method at PIH 
18-72. 
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Fig. 7. Milk production of the infected (A) and uninfected quarters (B). See legend of Figure 3 for more 
details. PID: post infusion day. 
 
 
Fig. 8. Number of colony-forming units of E. coli strain P4, serotype 032:H37 (A) and somatic cell count 
(B) in secreta of all infused quarters at various times following intramammary infection. See legend of 
Figure 3 for more details. 
 
Following the intramammary challenge, marked changes in number of blood neutrophils (P < 
0.0001), basophils (P < 0.0001) and eosinophils (P=0.005) happened over time (Fig. 9A, B, C). The 
number of neutrophils started to decrease from PIH 6 onward, with nadir at PIH 9. The number of 
circulating neutrophils increased after PIH 9 and reached initial values by PIH 24. The number of 
circulating eosinophils decreased gradually after PIH 3 to reach its minimal level at PIH 24. The 
disease severity was not related to the number of neutrophils and eosoniphils in the blood circulation. 
There was a significant relationship between disease severity and the number of basophils (P=0.003), 
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with more diseased cows having lower basophil levels. Following intramammary challenge, marked 
changes in the number of lymphocytes and monocytes were observed (P < 0.0001; Fig. 9D, E). 
Although not significantly, lymphocytes showed a temporary increase at PIH 3 and decreased from 
PIH 6 onward, with nadir at PIH 12. The number of lymphocytes gradually recovered from PIH 24 
onward. Immediately after intramammary inoculation of E. coli, the number of monocytes started to 
decrease and reached its lowest level at PIH 9. The number of monocytes increased from PIH 9 
onward until the end of the study. There was no significant relationship between disease severity and 
the number of circulating lymphocytes and monocytes.  
 
 
Fig. 9. Number of the circulating neutrophils (A), basophils (B), eosinophils (C), lymphocytes 
(D) and monocytes (E). See legend of Figure 3 for more details. 
 
There were significant differences in the numbers of white blood cells (WBC) over time (P < 
0.0001; Fig. 10A). WBC decreased from 6 PIH onward, reached its nadir at PIH 12 and started to 
return to its normal level from PIH 24 onward. Kinetics of the WBC was not related significantly with 
disease severity. Following the intramammary challenge, marked changes occurred in the numbers of 
red blood cells (RBCs), indicating that significant changes in the numbers of RBCs occurred over 
CHAPTER IV-SEVERITY OF ESCHERICHIA COLI MASTITIS IN PRIMIPAROUS COWS 
 
 
156 
 
time (P ˂ 0.0001; Fig. 10B). RBCs increased from PIH 9 and peaked at PIH15. The number of RBCs 
gradually decreased after PIH 18 and normalized at PIH 24. The least number of RBCs was seen at 
PIH 72. There was a significant positive correlation between the number of RBCs and disease 
severity (P ˂ 0.0001). The kinetics of platelets did not change over time (Fig. 10C). Moreover, no 
relationship was found between disease severity and number of platelets.  
 
Fig. 10. Number of white blood cells (A), red blood cells (B) and platelets (C). See legend of 
Figure 3 for more details. 
 
Following the intramammary infusion of E. coli, changes of milk sodium, chloride, potassium and 
lactose were investigated to evaluate the damage of the blood-milk barrier. The effect of time was 
significant for all the parameters, indicating that marked changes occur after intramammary 
inoculation of E. coli (Fig. 11A, B, C, D). Following the E. coli challenge, the lactose concentration 
started to decrease after PIH 6, reaching nadir at PIH 24 (Fig. 11D). Changes of chlorine and lactose 
were not related to disease severity. However, there was a significant relationship between disease 
severity and potassium (P < 0.0001) and sodium (P=0.03) levels, with more diseased cows having 
higher sodium and lower potassium in milk. Milk fat and protein changed over time following 
intramammary inoculation of E. coli (P ˂ 0.0001; Fig. 11E, F). No relationship was found between 
severity of the disease and concentration of milk fat or milk protein. 
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Fig. 11. Sodium (A), chlorine (B), potassium (C), lactose (D), fat (E) and protein (F) in secreta of all 
infused quarters at various times following intramammary infection. See legend of Figure 3 for more 
details. 
 
The effect of time on PCV was significant (P ˂ 0.0001; Fig. 12A). PCV increased from PIH 9 
onward and started to decrease gradually after PIH 18. The effect of time on the concentration of 
haemoglobin was significant (P ˂ 0.0001; Fig. 12B). The concentration of haemoglobin started to rise 
after 9 PIH and reached its peak at 15 PIH. The concentration of haemoglobin gradually recovered 
after 18 PIH and did not normalize until PIH 24. There was a positive correlation between disease 
severity and concentration of haemoglobin (P ˂ 0.0004) and PCV (P ˂ 0.0001). Significant changes 
on MCV and MCH were observed over time (P ˂ 0.0001; Fig. 12C, D). The relationship between 
disease severity and changes of MCV and MCH was significant (P ˂ 0.0001), namely MCH and 
MCV was decreased in most severe responders. 
Plasma calcium, magnesium, phosphorus and zinc changed significantly over time (P < 0.0001; 
Fig. 13A, B, C, D). The concentration of plasma calcium decreased 6 PIH onward and recovered 6 d 
after challenge. A negative significant correlation was found between disease severity and 
concentration of plasma calcium (P < 0.001). There was a gradual decrease in plasma magnesium 
following intramammary challenge of E. coli until PIH 144. Plasma phosphorus started to decrease 3 
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PIH onward, reaching to minimal levels at 9 PIH. Plasma phosphorus recovered at 15 PIH and did not 
change until the end of study. Plasma zinc decreased gradually after E. coli challenge and reached the 
minimal levels at 15 PIH. The concentration of plasma zinc normalized at PIH 144.  
 
 
Fig. 12. The concentration of packed cell volume (A) hemoglobin (B), mean 
corpuscular volume (C) and mean corpuscular hemoglobin (D). See legend of Figure 
3 for more details. 
 
 
Fig. 13. Calcium (A), magnesium (B), phosphorus (C) and zinc (D) in plasma. See legend 
of Figure 3 for more details 
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The kinetics of plasma TNF-α and IL-1 did not differ significantly over time after challenge (Fig. 
14A, B). Following infusion of E. coli, a significant relationship between disease severity and 
concentrations of TNF-α (P < 0.0001; Fig. 14A) and IL-1 (P < 0.0001; Fig. 14B) was found. More 
severely diseased cows had lower IL-1 but higher TNF-α level. 
 
Fig. 14. The concentration of tumor necrosis factor-α (A) and interleukin 1 (B) in plasma. See 
legend of Figure 2 for more details. 
 
The concentration of haptoglobin, albumin and ceruloplasmin changed significantly over time (P 
˂ 0.0001; Fig. 15A, B, C). Serum haptoglobin increased from PIH 15 onward, peaked at PIH 72 and 
returned to initial levels at PIH 144. No significant relationship between disease severity and the 
concentration of haptoglobin and albumin was detected. A negative relationship was found between 
disease severity and concentration of ceruloplasmin (P < 0.05). 
 
Fig. 15. The concentration of serum haptoglobin (A), albumin (B) and ceruloplasmin (C). See 
legend of Figure 3 for more details. 
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4. DISCUSSION 
The aim of the present study was to investigate the outcome of experimental E. coli mastitis 
during early lactation. In contrast to previous studies, which mostly used multiparous cows for 
investigation of physiological factors during experimental E. coli mastitis (Dosogne et al., 1997; 
Heyneman et al., 1990; Kremer et al., 1993a, b; Vandeputte-Van Messom et al., 1993, van Werven et 
al., 1997), primiparous cows were used in the current study. In this study the same strain of E. coli 
(P4, serotype O32:H37) was used to induce E. coli mastitis as previously used (Vandeputte-Van 
Messom et al., 1993; Dosogne et al., 2002; Heyneman et al., 1990; Hoeben et al., 2000a).  
The clinical outcome of the disease in terms of severity was determined using two methods 
(minute-to-minute and day-to-day methods). However, only day-to-day method (i.e. QMP loss in 
uninfected quarters) was used throughout the paper to discuss about the severity.  
As expected, similar to animals receiving the same dose (1×10
4
 cfu) of E. coli in previous 
experiments (Vangroenweghe et al., 2004a,b), quarter swelling, fever, depression of reticulorumen 
motility, changed milk appearance and presence of pain in udder was observed following 
intramammary E. coli challenge. In line with results of Vangroenweghe et al. (2004a, 2005), the 
variation of clinical responses in primiparous cows was quite small in this study. However, in 
previous studies using multiparous cows, large variations in clinical responses from mild-moderate to 
severe were reported.  
To check the status of the cow’s preinfection energy balance, the concentrations of plasma 
glucose, NEFA and BHBA were measured. The concentrations of BHBA, NEFA and glucose 
indicated that the cows in the present study were not ketotic at the time of challenge (Kremer et al., 
1993b).  
The severity of the disease was determined using a global severity estimation method (a day-to-
day method) over 24h which was based on the milk production in uninfected quarters (Heyneman et 
al., 1990). In the current study, uninfected QMP data from evening and next morning milkings were 
pooled to obtain the daily milk production and %decrease of QMP in the uninfected quarters during 
the first 48 PIH was used to determine the severity of E. coli mastitis. The QMP of uninfected glands 
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is depressed for several days after infection with E. coli (Heyneman et al., 1990; Vandeputte-Van 
Messom et al., 1993). Due to local effects of the invading pathogen, i.e. inhibition of milk synthesis 
and tissue damage, as well as its systemic effect such as decrease in gastro-intestinal motility and 
subsequent reduction in availability of milk precursors, it is not surprising that QMP is also reduced in 
uninfected quarters during coliform mastitis (Heyneman et al., 1990; Dosogne et al., 1997). The QMP 
loss in the uninfected quarters on d 2 after E. coli infection has previously been used as a criterion to 
classify cows as moderate or severe responders to experimental E. coli mastitis after parturition 
(Heyneman et al., 1990; Vandeputte-Van Messom et al., 1993). To evaluate the severity of the E. coli 
infection, many different parameters have been considered including: performance, clinical symptoms 
and biochemical indices (Heyneman et al., 1990). A minute-to-minute method based on the clinical 
symptoms recorded during the experiment has been used to evaluate severity of the disease 
(Vangroenweghe et al., 2004a; Wenz et al., 2001). The clinical data (rectal temperature, skin turgor, 
rumen motility, general attitude) obtained from PIH 6 to 48 were recorded and based on their total 
score, cows were classified into mild, moderate and severe responders. 
We quantified TXB2, PGE2, LXA4 and LTB4 in the milk of cows challenged intramammarily 
with E. coli and studied the relationship between these variables and severity of mastitis as assessed 
by QMP in uninfected glands. The eicosanoids are derived from arachidonic acid and are important 
mediators and modulators of inflammation. They are released locally during coliform and LPS 
mastitis (Burvenich and Peeters, 1982; Anderson et al., 1985; Peter et al., 1990). We showed that milk 
PGE2 and TXB2 concentrations were increased after intramammary challenge of E. coli. In the 
present study, the concentration of PGE2 was linked to the severity of mastitis; however there was no 
relationship between severity of the disease and changes of TXB2, LXA4 and LTB4. A significant 
increase in PGE2 (Peter et al., 1990) and TXB2 (Anderson et al., 1985, 1986) has been reported in 
milk after intramammary E. coli challenge. Although Vangroenweghe et al. (2005) could not detect 
any significant difference in milk PGE2 and TXB2 concentrations between carprofen- and the saline-
treated animals, the concentration of TXB2 and PGE2 remained lower in carprofen-treated animals 
with more moderate responses. The severity of E. coli mastitis seems to be linked to the activity of a 
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specific key enzyme, i.e. COX that ultimately produces the prostaglandins and thromboxanes. 
Schmitz et al. (2004) demonstrated that the messenger ribonucleic acid (mRNA) synthesis of COX-2 
was increased in LPS-treated quarters and reached its highest level 3 h after infusion of LPS. The 
activity of this enzyme in connection to severity of coliform mastitis remains to be investigated in 
primiparous cows during early lactation. 
In the present study, an attempt was made to gain further insights into possible interrelationships 
between various indicators of inflammation and severity of experimentally induced E. coli mastitis in 
primiparous cows during early lactation. In contrast to previous findings that demonstrated a link 
between fever response and disease severity (Vandeputte-Van Messom et al., 1993; Hoeben et al., 
2000b), we could not find any correlation between severity of the disease and changes of rectal 
temperature. A relationship between severity of E. coli mastitis and changes in the systemic or local 
clinical signs in the affected mammary quarters was limited to reticulorumen motility rate and milk 
appearance. In the current study, a negative correlation was found between rumen motility rate and 
severity of the disease. This could be due to elevated concentrations of TNF-α in the blood plasma of 
severely diseased cows. TNF-α plays an important role in defense against mastitis through its 
neutrophil-attracting characteristic. In previous research, it has been demonstrated that severely 
diseased cows had the highest amounts of blood plasma TNF-α (Hoeben et al., 2000b). The presence 
of clots in milk was correlated positively with disease severity. Changes in milk appearance were 
more pronounced and prolonged in most severe responders, indicating a greater breakdown of the 
blood-milk barrier in these cows. Skin turgor as an indicator of dehydration during acute coliform 
mastitis was not related to severity of mastitis. In contrast to previous research (Kremer et al., 1993b; 
Vandeputte-Van Messom et al., 1993), no correlation existed between the severity of experimental E. 
coli mastitis and preinfection concentrations of BHBA, glucose and NEFA. 
 In the current study, a maximal decrease in QMP in the infected and uninfected quarters occurred 
on the day after challenge. Our results were in agreement with other researchers (Heyneman et al., 
1990; Hoeben et al., 2000a) who reported that a maximal decrease of QMP occurred on the day after 
challenge. The uninfected QMP can be considered as an indicator of general systemic illness caused 
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by intramammary infections in the infected quarters. Resorption of toxins such as endotoxins in the 
udder might explain the reduced QMP in uninfected glands (Burvenich, 1983). QMP in uninfected 
quarters dropped temporarily and nearly recovered two days after challenge in the current study. 
Using multiparous cows, Heyneman et al. (1990) reported that the production loss was much more 
evident in severe responders and did not restore to its original yield. In infected quarters, QMP did not 
return to normal levels by PIH 144 in the current study. The production loss during mastitis might be 
due to direct or indirect mechanisms. A direct effect on milk synthesis is brought about by local 
alterations of the mammary epithelial activity in infected glands during migration of the neutrophils 
(McFadden et al., 1987). Milk secretion may be suppressed indirectly as a result of general illness and 
reducing the availability of milk precursors. 
 No significant relationship between the number of total white blood cells, neutrophils, 
eosinophils, lymphocytes and monocytes and severity was observed. This might be explained by the 
limited number of animals in this study. Mehrzad et al. (2007) showed that blood neutrophil numbers 
decreased significantly with increasing milk reduction. A positive relationship was found between 
depressed circulating basophils and severity of coliform mastitis. Although the functionality of PMN 
was not determined in this study, it is expected that the production of ROS was low in most severely 
diseased cows. A correlation has been found between ROS production during the inflammatory 
response and the severity of the mastitis (Heyneman et al., 1990). The number of circulating PMN 
could be highly related to severity of Gram-negative mastitis during early lactation (Heyneman et al., 
1990, Kremer et al., 1993b, Vandeputte-Van Messom et al., 1993). In accordance to Vangroenweghe 
et al. (2005), nadir blood leukocyte number was reached at PIH 12 and was followed by a progressive 
recovery of blood leukocyte number to initial levels from PIH 24 onward. In accordance with earlier 
observations (Vangroenweghe et al. 2004a), the influx of neutrophils to the infected quarters 
coincided with the onset of local clinical signs of mastitis characterized by quarter swelling. The 
clearance of bacteria from the quarters was associated with the influx of neutrophils to the infected 
glands. In the current study, clearance of bacteria was preceded by excessive bacterial growth, 
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peaking at PIH 6 and followed by a subsequent bacterial clearance. This was in agreement with 
results of Vangroenweghe et al. (2004b).  
Intramammary growth of the inoculated E. coli resulted in an increase of SCC through 
recruitment of circulating blood leukocytes in the milk compartment. We found a negative 
relationship between SCC and severity of the disease. The recruitment of neutrophils into the 
challenged quarters as reflected by SCC is an important aspect of the defense mechanism against E. 
coli/endotoxin mastitis. It is presumed that the lower SCC is associated with a relatively slow influx 
of PMN and clearance of the bacteria from the glands of the most severe cases of coliform mastitis. 
Vandeputte-Van Messom et al. (1993) reported that SCC did not differ significantly between severe 
and moderate responders. The incidence of environmental mastitis in herds with low SCC is higher 
than herds with higher SCC (Waage et al., 1998). In a study, it was shown that in vitro growth of E. 
coli in milk is significantly different between individual cows, suggesting that the growth medium 
properties of milk could be of importance in the pathogenesis of E. coli mastitis and subsequent 
outcome of the disease (Kornalijnslijper et al., 2003). Bacterial growth in the inoculated quarter has 
already been used as an index for determination of the severity (Kremer et al., 1993c). The peak for 
number of E. coli in milk samples from inoculated quarters of severely diseased cows was higher than 
that from moderately diseased cows (Kremer et al., 1993c). In contrast to previous research 
(Vandeputte-Van Messom et al., 1993), the severity of coliform mastitis was not linked to the number 
of bacteria that grow in the gland cistern in the present study.  
A non-specific acute phase response occurs during clinical mastitis. The major effect of cytokines 
in liver is the stimulation of the acute phase response, which is characterized by the induction of acute 
phase protein synthesis, mostly detected in blood plasma (e.g., haptoglobin and ceruloplasmin) 
(Bertoni et al., 2008). It is thought that the initiation of the acute phase response is caused by the 
production of TNF-α (Burvenich et al., 2003). We found that serum haptoglobin is not correlated with 
severity of the disease which is in agreement with previous findings (Hoeben et al., 2000b).  
The disintegration of the blood-milk barrier was investigated using several indicators in milk of 
the infected quarters, i.e. lactose, sodium, chlorine and potassium. These indicators are often 
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determined to assess the severity and duration of the inflammation. The severity of experimental E. 
coli mastitis in primiparous cows was related to higher concentration of milk sodium and lower 
concentration of milk potassium, suggesting a more severely damaged blood-milk barrier in most 
severe responders. Heyneman et al. (1990) reported that changes in milk composition occur earlier in 
moderate responders. Most pronounced compositional changes in milk of severe responders were 
reported by Vandeputte-Van Messom et al. (1993). 
The radiated heat emitted by the skin, reflecting subcutaneous circulation and tissue metabolism 
could be measured using infrared thermography (Berry et al., 2003). Using infrared thermography, a 
strong correlation between skin surface temperature of the udder and SCC was found in the 
experimentally infected cows (Colak et al., 2008). Our results showed that the thermal camera was 
successful in detecting the 2-3°C changes in temperature of the udder skin associated with clinical 
mastitis. Similarly, previous research demonstrated that a thermal camera is capable of detecting 1-
1.5°C (Hovinen et al., 2008) and 2.3°C (Scott et al., 2000) temperature changes of udder surface of 
cows intramammarily infused with endotoxin. In contrast with their results, the temperature of the 
udder skin of the experimental and control quarters was not increased simultaneously with rectal 
temperature and there was a delay in the peak of udder skin temperature in our study. The coincidence 
of increase in skin temperature with decrease in body temperature is probably due to peripheral 
cutaneous vasodilation during defervescence (abatement of fever). In fact, the generated heat during 
inflammation is transmitted to the skin surface through augmented capillary blood flow and dissipated 
as infrared energy (Kunc et al., 2007). As a result of increased permeability of capillaries, plasma 
leaked into the interstitium and maximal swelling occurred between PIH 9 and 15 (Fig. 2B). In an 
earlier study (Dhondt et al., 1977), we demonstrated that after infusion of LPS, the increase in blood 
flow showed a biphasic pattern, both in goats and cows, with a return to normal values between the 2 
peaks. It appears that the peak observed for udder skin temperature in the current study coincides with 
the second peak in the study of Dhondt et al. (1977). We found that the temperature of udder skin is 
increased both in experimental and control quarters which was in accordance with results of Hovinen 
et al. (2008). Increase of udder temperature in the experimental and control quarters reflects a 
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systemic effect of E. coli. Scott et al. (2000) demonstrated a clear rise in temperature of the 
experimental quarters and a lower rise in the control quarter 1 h after inoculation of LPS. Barth (2000) 
concluded that infrared thermography is not a suitable method for early detection of subclinical 
mastitis. Berry et al. (2003), who developed a predictive model for the temperature of the udder 
surface, proposed the use of thermography for early detection of mastitis. The thermal camera showed 
increased udder skin surface temperature at PIH 12 which was later than the appearance of systemic 
and local signs at PIH 9. Therefore, infrared thermography was not a successful method in early 
detection of experimentally induced E. coli mastitis.  
 
5. CONCLUSION 
In conclusion, the severity of mastitis in primiparous cows was related to a higher 
concentration of milk sodium and a lower concentration of milk potassium during early lactation. 
Intramammary PGE2 production was related to bacterial growth and intensity of the inflammatory 
reaction. This is in agreement with the general concepts of acute inflammation. Moreover, a 
positive relationship was found between reduced SCC, fewer circulating basophils, increased 
concentration of TNF-α, improved concentration of hemoglobin and severity of the disease. 
Infrared thermography was a successful technique to detect the changes in temperature of the 
udder skin surface in both infected and control quarters after challenge with E. coli. However, this 
increase in udder skin surface temperature recorded by thermal images occurred after the 
appearance of local signs, indicating that the infrared thermography technique was not promising 
for early detection of E. coli mastitis. The increase in skin temperature coincided with the decrease 
in body temperature which is probably the result of the peripheral cutaneous vasodilation during 
defervescence. 
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CHAPTER V 
AN ANALYTICAL APPROACH  
TO THE BOVINE UDDER PEPTIDOMICS 
 
1. INTRODUCTION 
The defense mechanisms of ruminant mammary gland can be divided into two categories: innate 
immunity and specific (acquired) immunity (Kehrli and Harp, 2001). In the lactating bovine 
mammary gland, innate immunity is the most important defense system (Burvenich et al., 2007). 
Macrophages, neutrophils, and certain soluble factors, e.g. complement, lysozyme, lactoferrin, and 
antimicrobial peptides are the most commonly cited components of the innate immune system 
(Malinowski, 2002; Schmitz et al., 2004). Numerous evolutionary conserved antimicrobial molecules 
that are part of the innate immune system are expressed by mammary epithelium. The composition of 
bovine mammary epithelial antimicrobial peptides is mostly unknown. To study the composition of in 
vivo biologically present peptides, peptidomics has been used (Soloviev and Finch, 2005).  
Current analytical techniques in peptidomics provide high resolution and detection. To use these 
techniques, loss of peptide during sample preparation needs to be minimized. Therefore, appropriate 
analytical method development with a diverse range of model peptides needs to be done before 
orthogonal chromatographic analyses with mass spectrometry detection and multivariate analysis of 
the data. Investigating the loss of peptide during sample preparation, characterization of model 
peptides and chromatographic separation using suitable stationary phases are deemed necessary. 
Variable recovery of peptides is a well-known but often neglected phenomenon that impacts 
quantitative peptide analysis (John et al., 2004). The adsorption of peptides/proteins to solid surfaces 
is believed to be due to noncovalent interactions (e.g. electrostatic, hydrophobic) and depending upon 
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the experimental conditions (e.g. peptide properties, physical state of the surface and environmental 
factors). Only a few studies have systematically investigated the factors influencing the adsorption of 
peptides; however, they have not included the drying step in sample preparation (Hyenstrand et al., 
2001a,b; Song et al., 2002). The sample concentrating and drying step can be a significant source of 
loss of peptide, mainly due to adsorption. Moreover, even low concentration of (synthetic) peptides 
impurities may have a strong impact on the outcome of biological assays. Most impurities in synthetic 
peptides are considered to arise from deletion, additional residue incorporation, truncation, and 
incomplete deprotection (Metzger et al., 1994; D’Agostino et al., 1998; Yang et al., 1999; Sanz-Nebot 
et al., 1999, 2000, 2003, 2004; Hettiarachchi et al., 2001). A routine determination of impurity 
profiles of (synthetic) peptides for research purposes is recommended because it may explain eventual 
artifacts. The chromatographic separation of small hydrophilic peptides which is poor in reversed-
phase (RP) mode (Jiang et al., 2006) might be improved using hydrophilic interaction 
chromatography (HILIC) stationary phase. Moreover, HILIC mobile phases are more compatible with 
mass spectrometry detection and improved sensitivity (Appelblad et al., 2008; Nguyen and Schug, 
2008). A wide variety of HILIC stationary phase surface chemistries are currently available. Although 
their selectivity can be considerably different, comparison of column efficiency using peptides is 
limited, hampering a rational choice of stationary phase. 
The influence of five surfactants on the equilibrium adsorption of salmon calcitonin and bovine 
serum albumin on hydrophilic glass and hydrophobic polypropylene (PP) surfaces was previously 
studied (Duncan et al., 1995). The hydrophobic content of the surfactant was found to be the greatest 
determinant in reducing the adsorption of peptide/protein. In their method development for the 
quantification of the 36-amino-acid (AA) peptide pentafuside, Lawless et al. (1998) observed 
adsorption of the peptide to the vial wall, which they attributed  to hydrophobic interactions. Several 
detergents were tried, leading to the use of 1% n-nonyl-β-D-glucopyranoside (C9-Glu) as the best 
solution (Lawless et al., 1998). Adsorption is not only an analytical issue, but can be a drug 
formulation challenge as well. The adsorption of the 32-AA peptide calcitonin on soda lime silica 
glass was investigated varying the concentration, temperature, pH, preservatives and surface-active 
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additives (Law and Shih, 1999). No temperature effect was found between 4 °C and 37 °C, but a pH-
concentration interaction was demonstrated, as well as a decreasing adsorption with the preservative 
chlorobutanol and non-ionic surfactants such as Pluronic F68 and Tween 80. Following initial 
observations of adsorption of the cyclic D-AA containing heptapeptide microcystin-LR to polyvinyl 
chloride (PVC) containers, the effect of solvent and disposable PP pipette tips were subsequently 
studied using high performance liquid chromatography- photodiode array detector (HPLC-PDA): the 
peptide was found to adsorb to the tips with a loss of 4.2% from a 4 µg/ml aqueous solution per tip 
operation, independent of pH and salinity, but dependent on the concentration of methanol and 
acetonitrile (ACN) (Hyenstrand et al., 2001a,b). After an initial sample preparation for the assay of 
calcitonin in serum, a freeze-drying step was included and a reconstitution solvent containing 
acidified ACN and benzalkonium chloride was found to be optimal in the liquid chromatography-
mass spectrometry (LC-MS) quantification as benzalkonium chloride significantly increased the peak 
area, however without any further investigation (Song et al., 2002). In their review about 
quantification of peptides, John et al. (2004) devoted special attention to adsorption, explicitly stating 
the results of their own experience with an undisclosed model peptide: the addition of ACN or of C9-
Glu, as well as its concentration, did influence the adsorption to PP vials (John et al., 2004). In a 
recent study, the adsorption of the decapeptide cetrorelix was found to follow a Langmuir isotherm 
and was found to be influenced by both the solvent medium and the type of vial used (Grohganz et al., 
2004). The repeatability of HPLC responses was investigated using cytochrome C tryptic digest, and 
the unsatisfactory results were found to be mainly due to poor recovery of peptides from the sample 
vial, which the authors largely solved by addition of an optimal quantity of the organic modifier 
dimethylsulfoxide (DMSO) (Van Midwoud et al., 2007). The sample storage of bovine serum 
albumin tryptic peptides in regular versus low-retention PP sample tubes was compared: significant 
quantitative and qualitative differences on peptide recovery were found (Bark and Hook, 2007). 
The aim of the study described here was to investigate the adsorption of five physicochemically 
different but pharmaceutically relevant model peptides, i.e. insulin, obestatin, buserelin, goserelin and 
leucine-enkephalin (molecular weight ranging from 555 to 5734) in function of the two applied drying 
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processes (lyophilization vs. centrifugal evaporation), two vial materials (glass vs. PP) and five non-
protein additives: DMSO, dimethylformamide (DMF), polyethylene glycol 400 (PEG 400), mannitol 
and C9-Glu by RP-HPLC-PDA quantification. The influence of the additives on the chromatographic 
behaviour of the model peptides without a drying step was first evaluated. The accuracy and 
variability in recovery of each of the peptides after the drying step as usually performed in peptide 
analysis were then investigated using a full experimental design encompassing all combinations of the 
factors. Moreover, the quality of commercially available obestatin synthetic peptides and efficiency of 
seven different HILIC stationary phases for separation of peptides were investigated and compared 
based on the chromatographic analysis of ten model peptides. 
 
2. MATERIALS AND METHODS 
2.1. Materials 
2.1.1. Peptides 
For testing the adsorption of peptide during drying step and performance of different HILIC 
columns, high-quality model peptides were purchased from different suppliers: buserelin and 
goserelin from EDQM (Strasbourg, France), bovine insulin and leucine-enkephalin from Fluka 
(Buchs, Switzerland),  mouse and human obestatin from California Peptide Research (Napa, CA, 
USA), aspartame from UPSA Laboratories (Rueil-Malmaison, France), vancomycin from Sigma (St. 
Louis, CA, USA), bacitracin from AL (Deventer, The Netherlands) and ganirelix from Organon 
(Kenilworth, NJ, USA). Polymyxin-B was a gift from the lab of Dr. Bouchara (Levallois Perret, 
France). Physicochemical properties of the selected model peptides used for the adsorption of peptide 
study are given in Table 1. For the impurity identifications in obestatin samples, human obestatin was 
obtained from five different suppliers: California Peptide Research (Napa, CA, USA), GL Biochem 
(Shanghai, China), Global Peptide Services (Fort Collins, CO, USA), Penta Biotech (Union City, CA, 
USA), and Phoenix Pharmaceuticals (Burlingame, CA, USA) [coded CPR, GLB, GPS, PB, and PP, 
respectively]. Mouse obestatin was obtained from four different suppliers, [coded CPR, GLB, GPS, 
and PP]. Bovine, canine, ovine, and porcine obestatin were obtained from PP only.  
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Table 1. Some physicochemical characteristics of used model peptides 
Peptide Chemical structure Molecular formula Mr # AA clog P
a 
Leucine-enkephalin  C28H37N5O7 555.6 5 -1.75 
Mouse obestatin 
 
C114H174N34O31 2516.8 23 -17.34 
Bovine insulin 
 
C254H377N65O75S6 5733.6 51 -30.65 
Goserelin 
 
C59H84N18O14 1269.4 9 -9.1 
Buserelin 
 
C60H86N16O13 1239.4 9 -7.86 
a 
clog P was calculated by Hyperchem. 8.0. 
 
2.1.2. Reagents  
HPLC gradient grade ACN was obtained from Fisher Scientific (Leicestershire, UK). LC-MS 
grade formic acid, trifluoroacetic acid, DMF, DMSO, PEG 400 and C9-Glu were obtained from Fluka 
(Buchs, Switzerland). Mannitol was purchased from CERTA (Braine-l’Alleud, Belgium). Water was 
purified using an Arium 611 purification system (Sartorius, Gottingen, Germany) yielding 
≥18.2MΩcm quality water. HPLC glass vials were purchased from Waters (Milford, MA, USA). PP 
vials were obtained from Eppendorf (LoBind quality; Hamburg, Germany). 
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2.1.3. Columns 
 Seven HILIC columns with different chemical properties were selected for this study, and given a 
code (C1–C7) that will be further used in this chapter.  
(i) C1 – TSKgel amide (250 mm × 2.0 mm id, 80 Å, 5 µm particle size), consisting of carbamoyl 
groups covalently bound to spherical silica particles, was purchased from TOSOH (Minato-Ku, 
Tokyo, Japan). 
(ii) C2 – Alltima HP HILIC (250 mm × 2.1 mm id, 120 Å, 5 µm particle size), a classic bare silica 
column was obtained from Grace Alltech (Deerfield, IL, USA). 
(iii) C3 and C4 – Polyhydroxyethyl aspartamide-coated columns (200 mm × 2.1mm id, 100 and 
300Å, 5 µm particle size) (C3 and C4 for 100 and 300 Å, respectively) were both purchased from 
PolyLC (Columbia, MD, USA). 
(iv) C5 – Atlantis (150 mm × 2.1 mm id, 100 Å, 5µm particle size) is a second bare silica column 
from Waters (Milford, MA, USA). 
(v) C6 – Grom Sapphire diol column (150 × 2.0 mm id, 5 µm, 110 Å) contains diol groups covalently 
bound to silica and was purchased from Grace Alltech. 
(vi) C7 – The ZIC-HILIC phase (150 × 2.1 mm id, 5 µm, 200 Å) consists of sulfoalkylbetaine ZIC 
groups covalently attached to porous silica, carrying both positive and negative charges, and was 
purchased from Merck SeQuant (Umeå, Sweden). 
LC determination of loss of peptide during drying steps and impurities in obestatin samples was 
performed using a Vydac Everest RP-C18 (250 mm × 4.6 mm I.D., 5 µm particle size, 300 Å) column 
(Grace Vydac, Hesperia, CA, USA). 
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2.2. Methods 
2.2.1. Peptide lyophilization  
Model peptides were dissolved in a mixture of 5% (v/v) ACN in water, containing 0.1% (w/v) 
trifluoroacetic acid, dispensed into low-volume polypropylene HPLC vials and lyophilized using a 
Lyovac GT4 precooled shelf freeze-dryer (Leybold, Cologne, Germany), and stored at -35 °C until 
use. 
 
2.2.2. Liquid chromatography 
The HPLC-PDA/Fluorescence apparatus consisted of a Waters Alliance 2695 separations module, 
a Waters 2996 photodiode array detector and a Waters 2475 multi wavelength fluorescence detector 
with Empower 2 software for data acquisition (all Waters, Milford, MA, USA). For PDA detection, 
the ultraviolet absorption (UV) spectra were recorded at 190-400 nm. For fluorescence detection, the 
excitation wavelength was set at 230 nm with emission spectrum recorded at 240-400 nm. 
The LC-UV/MS apparatus consisted of a Spectra System SN4000 interface, a Spectra System 
SCM1000 degasser, a Spectra System P1000XR pump, a Spectra System AS3000 autosampler, and a 
Finnigan LCQ Classic ion trap mass spectrometer in positive ion mode (all Thermo, San José, CA, 
USA) equipped with a SPD-10A UV-VIS detector (Shimadzu, Kyoto, Japan) and Xcalibur 2.0 
software (Thermo) for data acquisition. ESI was conducted using a needle voltage of 4.5 kV. Nitrogen 
was used as the sheath and auxiliary gas with the heated capillary set at 250 °C. Electrospray 
ionization (ESI) mass spectra were deconvoluted manually and checked afterward using ProMass 
Deconvolution 2.5 software (Thermo). 
For LC determination of loss of peptides during drying steps and impurities in obestatin samples, 
the column was oven set at 30 °C, with a mobile phase consisting of (A) 0.1% (w/v) formic acid in 
water and (B) 0.1% (w/v) formic acid in ACN. The gradient program employed for adsorption of 
peptide study was isocratic for 1 min at 90% (v/v) A and 10% (v/v) B, followed by a linear gradient to 
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60% (v/v) A+ 40% (v/v) B at 60 min. The gradient program employed for the different obestatin 
peptides are given in Table 2. The flow rate was set at 1.0 ml/min. 
 
Table 2. Gradient program for impurity determination of peptides 
Peptide Time (min) 
 0 6 66 96 
Bovine obestatin 95% A + 5%B 86% A + 14% B 76% A + 24% B 5% A + 95% B 
Canine obestatin  89% A + 11% B 79% A + 21% B  
Human obestatin  89% A + 11% B 79% A + 21% B  
Mouse obestatin  86% A + 14% B 76% A + 24% B  
Ovine obestatin  86% A + 14% B 76% A + 24% B  
Porcine obestatin  91% A + 9% B 81% A + 19% B  
 
For testing different HILIC columns, the column oven was set at 30°C and the following solvent 
system was used: (A) 0.1% w/v formic acid in ACN, and (B) 0.1% w/v formic acid in water. The 
method consisted of 20 min isocratic elution with 95:5 v/v A/B, followed by linear increase to 50:50 
v/v A/B in 10 and 20 min reconditioning with initial composition 95:5 v/v A/B. The flow rate was set 
at 0.4 mL/min and the injection volume was 10 µL. 
 
2.2.3. Effect of Additives on Chromatographic Behaviour 
 In order to exclude an influence of injection solvent composition (i.e. the presence of the 
additives) on the chromatographic behaviour and recovery of the model peptides, a mixture of model 
peptides (0.2 µg/µl each), prepared in a 95/5% (v/v) water/ACN solvent, was pipetted into glass vials 
containing the five separate additives, i.e. DMSO, DMF, PEG 400, mannitol (0.5% (w/v) aqueous 
solution) and C9-Glu (0.05% (w/v) aqueous solution). 95µl of model peptides mixture was added to 
vials containing the 5µl of selected additives (i.e. 5% (v/v) additive or additive solution was used). 
Without drying involved, the samples were analyzed by the above HPLC method for evaluation of 
recovery and chromatographic characteristics, and compared with a control solution containing no 
additives. Each HPLC sample was independently prepared in triplicate and then each sample injected 
once, i.e. one HPLC run/result obtained from each individual sample. UV quantification was done at 
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275 nm. The chromatographic characteristics were automatically calculated with Empower 2 
according to European Pharmacopoeia formulae (2008). 
 
2.2.4. Residual DMSO and DMF After Drying 
 A supplementary HPLC analysis was conducted to quantify the residual DMSO and DMF after 
drying (freeze drying and centrifugal evaporation, in both PP and glass vials). For this purpose, an 
Alltima RP-C18 (250mm×4.6mm I.D., 5µm particle size, 100Å) column (Grace Vydac, Hesperia, CA, 
USA), kept at 30 °C, was used with a solution of 2.5% (v/v) of ACN in water at 1 ml/min as mobile 
phase. Quantification was performed using UV detection at 220 nm. Using this isocratic system, 
typical retention times of 5.9 min and 10.8 min were obtained for DMSO and DMF, respectively. Test 
solutions were prepared (n=3 for each additive and vial type) by drying 100µl of 95/5% (v/v) 
water/additive solution using Lyovac and Speedvac under the conditions mentioned in the following 
section, followed by the addition of pure water and sonication. Untreated (i.e. without drying) 95/5% 
(v/v) water/additive solutions were used as reference solutions (n=3 for each additive). 
 
2.2.5. Influence of Peptide Concentration 
 In order to investigate the effect of concentration on adsorption of peptides, we conducted an 
experiment with our five model peptides. In this experiment, different concentrations of model 
peptides (200, 100, 20 and 2µg/ml each) mixtures were prepared in ACN/water (5/95%, v/v). These 
model peptide mixtures were prepared in polypropylene vials and dried by Speedvac. The residue was 
redissolved in ACN/water (5/95%, v/v) and the resulting samples were analyzed by HPLC under 
conditions explained in the section for liquid chromatography. 
 
2.2.6. Effect of Additives on Model Peptide Recovery Including Drying and Vial Material Effects 
 For the assessment of peptide recovery after each of the two drying steps along with different vial 
materials and organic additives, a 0.2µg/µl mixture of model peptides (i.e. bovine insulin, buserelin, 
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goserelin, leucine-enkephalin, and mouse obestatin) was prepared in water. Five microliters of DMF, 
DMSO, PEG 400, water, mannitol solution (0.5% (w/v) in water) and C9-Glu solution (0.05% (w/v) 
in water) were pipetted into both PP and glass vials containing 95µl of the model peptides mixture. 
After drying the samples by centrifugal evaporation (Speedvac, Thermo Electron Corporation, MA, 
USA) or freeze-drying (Lyovac, Leybold, Cologne, Germany), 95µl of water/ACN mixture (95/5%, 
v/v) was added to the samples. Recovery values were corrected for evaporation of DMSO, DMF and 
water during drying. Each sample, independently prepared in triplicate, was transferred to HPLC glass 
vials and then each sample injected once, i.e. one HPLC run/result obtained from each individual 
sample (n=3). The amounts of model peptides remaining in solution were quantified by the HPLC 
method described above. UV quantification was done at 275 nm. Temperature, vacuum pressure and 
run time for Speedvac were set at 45 °C, 5.1 Torr and 1 h, respectively. The program used for 
lyophilization with Lyovac is presented in Table 3. 
 
     Table 3. Lyovac program                          
Process step Time (min) Shelf temp (°C) Chamber pressure (mbar) 
1 0 20 1000 
2 5 2 1000 
3 25 -5 1000 
4 85 -30 1000 
5 145 -45 1000 
6 165 -45 1000 
7 175 -15 0.8-1.0 
8 195 -15 0.8-1.0 
9 975 -15 0.8-1.0 
10 977 0 0.1-0.2 
11 1097 10 0.1-0.2 
12 1517 10 0.1-0.2 
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2.2.7. Chromatographic Properties of Peptides on HILIC Columns 
 The peptides were injected separately, each at a concentration of 0.5 mg/mL. Following single 
and multiple chromatographic responses are calculated according to the formula given in the 
European Pharmacopoeia., 2008: asymmetry factor (As), limit of detection (LOD), the number of 
peaks above reporting threshold (defined as 0.10%), geometric mean resolution (Rs   ), resolution 
product ( Rs), time corrected resolution product (
 Rs
RTmax
), chromatographic response function (CRF) 
and peak capacity (P). Moreover, minimal values for separation factor (Smin) and resolution (Rsmin), 
and maximal values for RTmax were calculated for each column.  
 
2.2.8. Data Treatment 
 The drying recovery, as presented in Table 4, is calculated from the without and with drying 
experiments as the ratio of the values. The PROC MIXED procedure of SAS software version 8.2 
(SAS Institute Inc., Cary, NC, USA, 1999) was used to analyze the data as a completely randomized 
design with repeated measurements. The models used to analyze the data included the fixed effects of 
evaporation technique, vial material, peptide, organic modifier, four-way interaction terms of fixed 
effects, and the residual errors. The significant difference level was set as P < 0.05. 
 
3. RESULTS 
3.1. Effect of Sample Concentration on Adsorption of Model Peptides  
Since adsorption is a concentration dependent surface phenomenon, an additional experiment was 
conducted to investigate this concentration effect for the model peptides and container types used 
under the aforementioned conditions. From Figure 1, it can be concluded that at lower concentrations, 
higher loss of peptides is observed due to adsorption to vial walls. The confirmed concentration effect 
in the present study can be adequately described by the Freundlich equation (R
2
 ≥ 0.999). Freundlich 
adsorption isotherm is an adsorption isotherm, which is a curve relating the concentration of a solute 
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on the surface of an adsorbent, to the concentration of the solute in the liquid with which it is in 
contact. 
 
 
 
Fig. 1. Influence of different model peptide concentrations (200, 100, 20 and 
2µg/ml) on adsorption to polypropylene container surfaces. Each point on the 
graph represents the mean of the calculated peak area/concentration for the 
five selected model peptides. The concentration effect can be adequately 
described by the Freundlich adsorption isotherm. 
   
3.2. Recovery of Model Peptides Without Drying Step 
The recovery and chromatographic behaviour of the five model peptides (i.e. bovine insulin, 
mouse obestatin, buserelin, goserelin and leucine-enkephalin) were assessed applying five additives 
(i.e.DMSO, DMF, mannitol, PEG 400 and C9-Glu) in the same vial material. For each peptide, the 
recovery obtained using water as solvent (i.e. without additive) was taken as a reference and hence set 
at 100%. In general, no statistically significant effect attributed to the presence of the additives on 
recovery was found for each model peptide. As expected, the chromatographic characteristics for each 
model peptide (i.e. plate count, symmetry factor and capacity factor) were not influenced significantly 
by the presence of the organic additives. It is clear that without a drying step there was no significant 
in-solution adsorption of the peptides under our conditions. 
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3.3. Effect of Drying Technique on Peptide Recovery in Function of Additive and Vial Material 
The influence of drying step on the recovery of individual model peptide as a function of additive 
and vial material is summarized in Table 4. Regardless of applied additives, model peptides and vial 
materials, a significant difference on peptide recovery was found between the two drying techniques 
(92.1 for Speedvac vs. 87.1% for Lyovac, respectively; P = 0.0001). The impact of various parameters 
on recovery of peptides after the drying step was presented in subsequent figures. 
The drying recovery of the model peptides as a function of the two drying techniques and vial 
materials is presented in Fig. 2. When the recovery of model peptides in PP and glass vials was 
compared between Speedvac and Lyovac, the following results were obtained: (1) higher recovery of 
model peptides in glass vials than PP vials using Speedvac (93.8% for glass vs. 90.5% for PP; P = 
0.0001); (2) less recovery of model peptides in glass than PP using Lyovac (84.2% for glass vs. 90.5% 
for PP; P = 0.0001).  
The influence of the two drying techniques on the recovery of model peptides in function of 
organic additives and vial materials is shown in Fig. 3. Although the recovery of freeze-dried model 
peptides was statistically lower in glass vials than in PP vials, no significant difference was found 
between the two vial types in combination with PEG 400 and C9-Glu (Fig. 3B). However, for the 
centrifugal evaporated model peptides in the presence of PEG 400, the recovery was found to be 
statistically higher for glass tubes versus PP: 95.0% and 90.3%, respectively.  
The overall recovery values of model peptides when different organic additives were applied 
ranged from 86% to almost 94% (i.e. when mannitol and C9-Glu is used, resp.). From the above 
results, it is apparent that under the conditions used, C9-Glu is the best additive for recovery of 
peptides during centrifugal evaporation as well as during freeze-drying. Especially when applying 
lyophilization, a diminished adsorption of model peptides was observed for DMSO, DMF and water 
as well (see Fig. 3B). From a practical point of view, we demonstrated that DMSO evaporated 
completely after drying by Lyovac in both vial materials, while the recovery of DMSO after drying by 
Speedvac was 17.3% and 7.9% in PP and glass vials, respectively. In case of DMF, it was completely 
evaporated after drying by Speedvac and Lyovac in both PP and glass vials. 
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Table 4. Effect of drying step on the recovery of individual model peptides in function of five additives and two 
vial materials (mean ± SD) 
a
 DMSO, dimethylsulfoxide; DMF, dimethylformamide; PEG 400, polyethylene glycol 400; C9-Glu, n-nonyl-β-
D-Glucopyranoside. 
b
 PP: Polypropylene.  
 
 
Peptide Additivea 
Drying recovery (%) 
Speedvac Lyovac 
PPb Glass PPb Glass 
Leucine-
enkephalin 
Mannitol 90.3 ± 3.5  98.9 ± 4.2  89.0 ± 2.9  94.6 ± 3.4  
Water 97.6 ± 9.1  97.2 ± 8.3  93.2 ± 7.4 96.2 ± 9.1 
DMSO 96.5 ± 5.5  93.2 ± 4.7 85.1 ± 4.7 91.4 ± 3.4 
DMF 89.8 ± 3.5 101.9 ± 1.0  90.9 ± 1.6 93.3 ± 3.3 
PEG 400 89.4 ± 3.3   97.8 ± 3.6  83.4  ± 5.2 93.3 ± 3.1 
C9-Glu 95.9 ± 1.6 100.9 ± 2.9 91.4 ± 2.0 95.0 ± 1.4  
Goserelin 
Mannitol 92.3 ± 4.6 92.3 ± 6.7 99.2 ± 3.1 64.3 ± 3.6 
Water 84.4 ± 4.5 102.2 ± 8.8 100.2 ± 4.7 73.5 ± 5.3 
DMSO  88.8 ± 5.1 100.6 ± 5.7 96.1 ± 5.5 72.1 ± 4.5 
DMF 89.7 ± 6.8 90.8 ± 7.2 92.4 ± 5.8 72.8 ± 6.5 
PEG 400 85.7 ± 8.2 92.8 ± 7.8 71.4 ± 6.6 54.0 ± 7.7 
C9-Glu 93.1 ± 1.3 92.9 ± 8.3 90.4 ± 2.5 90.7 ± 2.5 
Bovine insulin 
Mannitol 62.8 ± 0.8 83.6 ± 4.2  81.7 ± 4.0 94.7 ± 5.3 
Water 82.4 ± 5.1 83.9 ± 6.0 90.3 ± 6.1  94.8 ± 2.4 
DMSO 92.6 ± 7.1 92.5 ± 7.4 94.1 ± 8.4 103.6 ± 9.2 
DMF 74.1 ± 2.7 89.2 ± 4.5 91.8 ± 5.1 98.6 ± 3.8 
PEG 400 95.8 ± 5.5 81.0 ± 5.2 64.7 ± 2.1  95.7 ± 3.3 
C9-Glu 95.4 ± 7.1 92.1 ± 6.7 89.3 ± 5.0 88.9 ± 4.9 
Buserelin 
Mannitol 91.9 ± 4.4 91.5 ± 1.4 85.0 ± 3.1 71.9 ± 0.9 
Water 86.4 ± 3.8  91.6 ± 8.6 89.5 ± 1.5 82.4 ± 2.7 
DMSO 86.4 ± 1.8 93.4 ± 1.2  103.7 ± 2.1 81.7 ± 2.1 
DMF 91.1  ± 2.4 90.1 ± 1.2 94.2 ± 6.7 77.7 ± 0.9 
PEG 400 79.0 ± 2.2 105.7 ± 3.3  94.1 ± 2.4 79.2 ± 5.0 
C9-Glu 96.2 ± 1.7  92.0 ± 3.8 92.0 ± 2.4 95.1 ± 1.7 
Mouse obestatin 
Mannitol 95.3 ± 3.1  93.7 ± 4.4 90.8 ± 6.0 95.2 ± 4.7 
Water 90.8 ± 2.8 91.1 ± 11.0 91.2  ± 3.0 88.5 ± 4.0 
DMSO 99.8 ± 3.7 91.2 ± 6.1 95.8 ± 4.0 91.1 ± 2.7 
DMF 101.4 ± 7.8  90.2 ± 7.4 101.3 ± 8.0 91.8 ± 7.0  
PEG 400 101.8 ± 8.3    93.2 ± 3.4 82.7 ± 4.4 87.2  ± 1.5 
 C9-Glu 97.2 ± 2.6  102.5 ± 3.6 92.6 ± 2.8 96.1 ± 2.3 
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Fig. 2. Influence of drying methods (i.e. Speedvac and Lyovac) on drying 
recovery (%) of the model peptides in function of two different container 
materials, i.e. glass and polypropylene (PP) (mean bar plots ± SD). 
 
 
 
 
 
Fig. 3. Influence of additives (i.e. mannitol,water, DMSO, DMF, PEG 
400 and C9-Glu) on drying recovery (%) of the model peptides in 
polypropylene (PP) and glass vials using Speedvac (A) and Lyovac 
(B) (mean bar plots ± SD). 
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The influence of the peptide on drying recovery in the two materials, i.e. glass and PP, using 
Speedvac and Lyovac is depicted in Figure 4. Regardless of other factors (i.e. drying, vial materials 
and additives), bovine insulin showed the lowest recovery (85.0%; P = 0.0001) when compared to the 
other peptides: leucine-enkephalin (93.6%), goserelin (86.8%), buserelin (89.2%) and mouse obestatin 
(93.6%). It was observed that the increased adsorption for the model peptides onto glass versus PP 
when lyophilization was applied (see above) was more pronounced for buserelin and goserelin (i.e. 
the two gonadotropin-releasing hormone agonists with similar sequence). Although in general, the 
recovery of Lyovac-dried model peptides in PP was higher than in glass (see Fig. 2), this was not the 
case for leucine-enkephalin and bovine insulin (see Fig. 4B). In general, the variability in adsorption 
between the different peptides in glass vials was higher than in PP vials. 
 
 
 
 
Fig. 4. Individual peptide (i.e. leucine-enkephalin, goserelin, 
bovine insulin, buserelin and mouse obestatin) effect on drying 
recovery (%) in two materials, i.e. glass and polypropylene (PP) 
using Speedvac (A) and Lyovac (B) (mean bar plots ± SD). 
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3.4. Peptide Identification 
All obestatin peptides from different producers were positively identified based on their 
respective mass spectra (i.e., molecular mass and typical y- and b-type fragment ions in tandem mass 
spectra after collision-induced dissociation), except for mouse obestatin obtained from GLB. 
RP-HPLC analysis of this latter peptide revealed a main peptide closely eluting at the normal 
retention time of mouse obestatin. However, the UV, fluorescence, and mass spectra obtained on the 
main peak indicated that the peptide did not correspond to the mouse obestatin amino acid sequence: 
absence of tyrosine residue (i.e., no absorbance maximum at approximately 275 nm in UV spectrum 
and no native fluorescence observed for λEX = 230 nm with λEM = 296 nm) and a monoisotopic 
molecular mass of approximately 1032.5 evidenced by peaks at mass-to-charge ratio (m/z) 517.3 and 
1033.5 in mass spectrum (i.e., [M+2H]
2+
 and [M+H]
1+
, respectively). 
Using a Procise Model 494 HT Edman sequencing system (Applied Biosystems, Foster City, CA, 
USA; by Alta Bioscience, Birminghan, UK), the N-terminal amino acid sequence of this incorrect 
peptide was determined to be SIIKFEKL. Using tandem mass spectrometry, the sequence of this 
product was confirmed as: SIIKFEKLG-NH2, i.e., a nonapeptide totally unrelated to obestatin. 
 
3.5. Chromatographic Properties of Peptides on HILIC Columns 
An overview of the calculated chromatographic responses is provided in Table 5. It is observed 
that in general a high gradient plate number (representing the highest column performance) is found 
for the two bare silica columns (C2 and C5). Furthermore, the highest sensitivity was obtained using 
the C2 column, as expressed by the smallest mean LOD. Superior peak shapes (cf. smallest mean 
asymmetry factor) are observed for the two polymer coated columns (C3 and C4). When comparing 
the peak shapes, the two bare silica columns (C2 and C5) and the two polymer coated columns (C3 
and C4) were found to present the best peak shapes.  
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Table 5: Responses obtained for the seven HILIC columns 
Parameter C1 C2 C3 C4 C5 C6 C7 
Single responses (a) 
As 4.19 ± 2.21 1.58 ± 1.62 0.87 ± 0.18 1.17 ±0.67 3.95 ± 2.24 4.05 ± 1.67 2.96 ± 1.66 
N 6832 ± 6577 39516 ± 15431 9039 ± 5559 9475 ± 7939 10425 ± 10181 1849 ± 1461 13112 ± 25155 
LOD (10-3 µg injected) 170 ± 166 2.71 ± 2.32 3.71 ± 4.34 4.52 ± 5.42 22.2 ± 31.7 174 ± 239 108 ± 161 
Multiple responses 
RTmax 29.48 15.11 14.13 13.93 17.03 21.80 29.57 
Smin 4.14 10
-3 2.88 10-3 5.50 10-4 3.36 10-3 7.11 10-4 8.97 10-3 1.43 10-2 
Rsmin 0.17 0.29 0.022 0.084 0.029 0.25 0.38 
𝑅𝑠     1.03 1.41 0.89 1.13 0.85 0.74 2.16 
Π Rs 1.35 21.57 0.36 2.89 0.24 0.067 1016 
Π Rs/RTmax 0.046 1.43 0.026 0.21 0.014 0.0031 34.38 
CRF 47.08 71.84 75.76 67.94 60.92 48.47 60.85 
P 51 224 140 115 89 38 67 
D 0.417 0.279 0.050 0.131 0.203 0.448 0.699 
a) Single responses are represented in this table as the mean values ± standard deviation of the ten peptides. 
 
4. DISCUSSION 
Freeze-drying and centrifugal evaporation are commonly used as solvent evaporating methods in 
peptidomic studies. However, to our best knowledge, the loss of peptide due to adsorption has not 
been studied during the drying step. For investigation of the overall effect of the drying step on the 
recovery of peptides under standard operational conditions, two independent experiments were 
conducted. In a first experiment, the sole influence of the different organic additives (i.e. without 
drying step) on recovery and chromatographic characteristics of the five model peptides was 
investigated. In a second experiment, the effect of the two different drying methods on the recovery of 
the model peptides was studied with the same additives used in the first experiment. The results of 
both experiments were compared to answer the key question whether the drying step may induce loss 
of peptide during sample preparation. In our study, a generally applied peptide solvent was used for 
the sample reconstitution, i.e. a solution of 5% (v/v) ACN in water. This solvent dissolves the 
investigated model peptides quite well, and is also compatible with the reversed phase HPLC used. 
Moreover, as the reconstitution procedure and solvent used in our study were identical for all dried  
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samples, the relative influence of drying procedure, vial material, additive and peptide can be 
compared. However, it is clear that when the reconstitution conditions would be changed, e.g. solvent, 
temperature or time, other results can be obtained. 
Our results clearly demonstrate that peptides are lost during the drying step of sample preparation: 
under our experimental conditions, the drying action resulted in an average decrease in model peptide 
recovery of 10% (average drying recovery = 90.3%, standard deviation = 4.46%, n = 360). Our results 
confirmed the expected concentration effect (see Fig. 1), which can be adequately described by the 
Freundlich equation. We found that at lower concentrations, higher percentage loss of peptides is 
observed which is consistent with previous literature findings (John et al., 2004). Therefore, the 
adsorption effects observed in our study, obtained at relatively high concentrations, are most 
significant in the sense that they are expected to significantly increase at lower concentrations.  
Our data clearly showed that vial materials significantly and differently influenced the recovery of 
model peptides when using Speedvac and Lyovac drying methods. In terms of preventing loss of 
peptide during drying, PP vials are more suitable for lyophilization, while glass vials are proposed for 
centrifugal evaporation. 
When different additives were compared, PEG 400 seems to promote adsorption of peptide onto 
PP surfaces. This phenomenon can be explained as an increase of hydrophobic interactions between 
the peptides and the PP surface due to an increase of the hydrophilicity of the medium. In general, 
using Speedvac as a drying technique showed more consistent results relative to the additive, i.e. this 
drying technique was more robust and less influenced by the presence of additive. C9-Glu not only 
provided the highest recovery, but also gave more robust results, i.e. less influenced by the operational 
variables. Lawless et al. (1998) demonstrated that the inclusion of 1% C9-Glu in ACN extraction 
mixture can avoid adsorption of pentafuside to PTFE and/or glass sample container surfaces. John et 
al. (2004) showed that the addition of ACN or C9-Glu can reduce the adsorption of an undisclosed 
model peptide to PP vial walls. Borges et al. (2005) and Szabo et al. (2001) reported improved results 
of relative standard deviation for direct-infusion ESI-MS of hydrophobic compounds (including 
synthetic hydrophobic peptides) when adding DMSO. This solvent is also used for solubilization of 
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peptides and proteins in fundamental biological and biophysical studies (Schwab et al., 1985; Willett 
et al., 2005), and has the unique property that it efficiently dissolves both polar and apolar 
compounds. DMSO can make hydrogen bonds with water molecules, while at the same time 
efficiently solvating hydrophobic parts of the peptide, thus creating a favorable network with water 
for dissolving the peptide. 
Similar to our results, Grohganz et al. (2004) demonstrated that a considerable amount of 
cetrorelix (a gonadotropin-releasing hormone antagonist) was adsorbed onto the walls of glass vials. 
Initial QSPR modelling, using algorithms as previously described (Baert et al., 2007), indicates that 
the molecular shape of the peptide is thought to be an important determinant: descriptors of the 
peptide molecular shape such as PW2 (path/walk 2-Randic shape index) or WHIM (Weighted Holistic 
Invariant Molecular) first component shape directional P1 indices (unweighted as well as weighted by 
atomic van der Waals volumes) indeed showed a high correlation with the glass adsorption. 
A QC analysis on the 13 obestatin peptides revealed that 1 of these materials (mouse obestatin 
from GLB) is in fact another and totally unrelated peptide, probably derived from ovalbumin, labeled 
as mouse obestatin. This finding clearly demonstrates the need for in-depth quality control testing of 
peptides used for biomedical research. 
When evaluating both single and multiple chromatographic responses of a set of ten model 
peptides for seven different HILIC columns, C2 (Alltima silica) was found to be the overall best 
performing system. 
 
5. CONCLUSIONS 
The results of the present study demonstrate that the drying step as part of the sample preparation 
can cause significant losses of peptide. Introducing suitable additives and the application of suitable 
container materials can avoid or diminish this loss of peptide during solvent evaporation. The use of 
C9-Glu improved the recovery of model peptides in both centrifugal evaporation (Speedvac) and 
lyophilisation (Lyovac) methods. PEG 400 and mannitol were found to increase adsorption of peptide. 
Moreover, the presence of PEG 400 resulted in even reduced recoveries for all model peptides when 
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using Speedvac in combination with PP vials. Maximum amounts of model peptides were recovered 
for the following vial type-evaporation technique combinations: polypropylene-lyophilization and 
glass-centrifugal evaporation. Thus applying C9-Glu as an additive along with choosing appropriate 
vial material can prevent or decrease loss of peptide during the selected solvent removal evaporation 
procedure. Moreover, our findings indicate that the quality of more than half of the obestatin peptides 
supplied by the five manufacturers was considered insufficient for in vitro and in vivo experiments, 
with even a non-identity case. These findings demonstrate the absolute necessity of appropriate 
quality control testing and specification settings on peptides for biomedical research purpose. Last, 
comparing the different HILIC columns using a selected peptide set demonstrated that the bare silica 
column (Alltima-Alltech) followed by the ZIC column showed overall the best peptide-
chromatographic performance for the selected peptide set. 
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CHAPTER VI 
GENERAL DISCUSSION 
In dairy cows, a nonlactating period between successive lactations is necessary to optimize milk 
production in the next lactation (Hurley 1989). A hypothesis was proposed, suggesting that a dry 
period of appropriate length is necessary for promoting cell turnover and replacement of senescent 
mammary epithelial cells during late gestation (Capuco et al., 1997).  
The appropriate length of the dry period has long been a controversial subject. An eight-week dry 
period has been a management constant for most dairy farms (Bachman and Schairer 2003). Over the 
last decade, it has been proposed to shorten or eliminate the DPL, for economic reasons. Although 
recent findings indicate that bovine mammary involution is complete within 25 days and that no milk 
loss may occur following short dry periods (SDP) (Schairer 2001; Bachman 2002; Gulay et al., 2003; 
Annen et al., 2004), most recent literature indicates that best production in the subsequent lactation is 
obtained when cows are given a 2-month dry period (Madsen et al., 2004; Rastani et al., 2005; Gulay 
et al., 2005; Kuhn et al., 2005, 2007; Church et al., 2008; Gallo et al., 2008; Watters et al., 2008). 
Discrepancies between the studies reporting an effect of SDP on the subsequent milk production may 
arise from a multitude of factors such as, differences in management schemes, genetic potential of 
milk production, parity, breed, experimental models (between-cow, within-cow or half-udder model) 
and the number of cows used in a specific study (statistical power). Particularly, the impact of parity 
on the performance of dairy cows given SDP has received less attention. We hypothesized that 
assigning the primiparous cows to SDP results in a reduced milk production in the subsequent 
lactation.  
In two independent experiments, we evaluated the effect of SDP on performance and metabolic 
status of primiparous and multiparous cows (see chapter 3). Cows in the 28 and 35 day (d)-DPL 
groups received only a close-up ration, while cows in 42, 49 and 56 d-DPL fed both far-off and close-
up rations during the dry period. We demonstrated that primiparous cows with SDP (i.e. 35 d DPL) 
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produced less milk than those with conventional dry periods (i.e. 56 d) in the following lactation. 
However, milk yield of multiparous cows was not differed between 35 and 56 d treatments. 
Apparently, primiparous cows are more sensitive to reduced DPL and, consequently, they do not 
produce milk as much as multiparous cows submitted to the same SDP. In the second experiment, we 
investigated the influence of much shorter DPL on the performance of multiparous cows in the 
subsequent lactation. We showed that extremely short DPL (i.e. 28 d) results in a milk production loss 
even in multiparous cows. Our data were consistent with the results of the majority of recent studies 
supporting the results of the past research and indicating that milk yield is reduced in cows with SDP 
(Madsen et al., 2004; Gulay et al., 2005; Rastani et al., 2005; Kuhn et al., 2005, 2007; Church et al., 
2008; Gallo et al., 2008; Watters et al., 2008).  
Mammary involution and growth occur during the dry period and the rate of this process is an 
important factor for milk production efficiency in the next lactation. Previous literature, either 
between or within cow studies, has only compared mammary gland involution of cows provided a 
normal dry period or no dry period. To the best of our knowledge mammary gland involution and 
growth during dry period in SDP cows is poorly understood. One may hypothesize that a SDP does 
not permit sufficient time for involution (loss of secretory function and some presumed loss of 
epithelial cell number) and cell proliferation/replacement. Observed substantial milk production loss 
during early lactation rather than other stages of lactation (Lotan and Alder 1976; Gulay et al., 2005) 
and reduced half udder size (Gulay et al., 2005) for cows given SDP compared to control animals can 
provide evidence for less developed mammary glands in these animals. Early events of involution 
may be inhibited in cows with SDP (Fig. 1). Lower milk production at dry-off of cows with SDP can 
influence early involution through reduced milk accumulation and induction of local factors (Fig. 1). 
As previously described in chapter 1, the role of local effects in mammary gland involution can be 
due to accumulation of pro-apoptotic factors in the stored milk and physical distention of the 
mammary epithelium during milk stasis (Wilde et al., 1999) (Fig. 1). Moreover, factors influencing 
apoptosis and proliferation may be influenced by increasing effects of pregnancy as calving 
approaches (Fig. 1). Drying off close to parturition to accommodate SDP may result in a greater 
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impact of lactogenic and mammogenic hormones of pregnancy and thus alter the involution and 
proliferation profile within the mammary gland relative to cows with standard dry periods (Fig. 1).  
 
 
Fig. 1 It is hypothesized that shortening the length of dry period in dairy cows may 
inhibit early events of involution after milk removal cessation, causing milk production 
loss in the subsequent lactation. Early involution may be inhibited through reduced 
milk accumulation and enhanced pregnancy effect at dry-off in cows subjected to short 
dry periods (SDP). Pregnancy may inhibit apoptosis and promote proliferation by 
enhancing the mammogenic and lactogenic stimulations on mammary gland at dry-off. 
Apoptosis may be inhibited due to reduced milk accumulation and stored proapoptotic 
factors, as well as decreased physical distension of the mammary epithelium at dry off 
in cows with SDP. 
  
Many pricing plans for the milk payments are based on not only the milk quantity but also on the 
milk composition. Therefore, because of economic returns, the effect of DPL on milk composition is 
important and it must be considered in the current and subsequent lactation (see chapter 3). Recently, 
CHAPTER VI-GENERAL DISCUSSION 
 
 
204 
 
designed experiments have considered the changes in milk composition following shortening or 
eliminating the dry period in dairy cattle.  
Earlier studies demonstrated that milk fat content increases over the last 2 month of gestation in 
continuous milking (CM) cows (Wheelock et al., 1965; Remond et al., 1992, 1997). We demonstrated 
that shortening the DPL had no effect on milk fat percentage in the subsequent lactation. Similarly, no 
effect of CM or SDP on milk fat percentage has been reported in the subsequent lactation by others 
(Wheelock et al., 1965; Remond et al., 1992, 1997; Gulay et al., 2003; Annen et al., 2004, 2007; 
Andersen et al., 2005; Rastani et al., 2005; Watters et al., 2008). 
 The milk protein content was reported to increase in last 2 month of gestation in CM cows 
(Wheelock et al., 1965; Remond et al., 1992, 1997). Remond et al. (1992, 1997) claimed that the ratio 
of casein/total protein was decreased when milk yield was reduced during late gestation in CM cows. 
We showed that shortening the DPL had no influence on milk protein percentage, however decreased 
the milk protein yield in the subsequent lactation. Smaller milk protein yield in cows with SDP, in our 
study, may be explained by reduced milk yield in these cows. There are controversial results in the 
literature for changes of milk protein percentage in the subsequent lactation after modifying the length 
of the dry period. The protein percentage during next lactation was increased (Remond et al., 1992, 
1997; Rastani et al., 2005; Andersen et al., 2005; Watters et al., 2008) or unaffected (Smith et al., 
1967; Gulay et al., 2003; Annen et al., 2007) following SDP or CM.  
The concentration of milk lactose as the major osmoregulator of milk is important for milk yield 
production in mammary gland. Similar to fat and protein content, the lactose content was increased 
during the last 2 month of gestation in CM cows (Remond et al., 1997). However in another study the 
weekly content of lactose was decreased from week 5 to week 0 at prepartum (Andersen et al., 2005). 
Postpartum lactose percentage was unchanged (Wheelock et al., 1965; Smith et al., 1967; Andersen et 
al., 2005; Annen et al., 2007) or decreased (Remond et al., 1992, 1997; Rastani et al., 2005) following 
CM or SDP.  
Alterations in milk ions (K
+
, Na
+
 and Cl
-
) occur in the late gestation when cows are milked 
throughout the lactation. The ratio of K
+
/lactose is decreased in milk of CM cows during late gestation 
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which was followed by increase in concentrations of Na
+
 and Cl
-
 (Wheelock et al., 1965). These 
changes in milk ions might be attributable to low milk yield at the end of gestation and changes in 
mammary secretions from milk to plasma transuadate. It is assumed that the metabolic activity of 
mammary secretory cells is decreased in these cows because maintenance of the normal K
+
 gradient 
between intracellular fluid and the alveolar lumen is an energy-dependent phenomenon (Wheelock et 
al., 1965). In the following lactation, the concentration of milk ions was not different between CM 
and control cows (Wheelock et al., 1965; Smith et al., 1967).  
Somatic cell count (SCC) has been shown to increase substantially during the last 4-5 week of 
gestation in CM cows (Remond et al., 1997; Andersen et al., 2005). We demonstrated that SCC was 
not influenced by modifying the DPL. Similarly others found no impact on SCC levels in the ensuing 
lactation following shortening or eliminating the dry period (Gulay et al., 2003; Annen et al., 2004; 
Rastani et al., 2005; Andersen et al., 2005; Annen et al., 2007; Watters et al., 2008).  
 Nutritional stress may have negative physiological consequences during the dry period and in the 
subsequent lactation. Shortening or omitting the dry period facilitates the feeding of dairy cows during 
late gestation which can permit to have less frequent dietary changes (see chapter 1). Based on 
improved body condition score (BCS) at postpartum and energy balance indicators in cows with SDP 
(see chapter 3), we concluded that negative energy balance is attenuated in cows given SDP. 
Shortening or omitting the dry period may improve the energy status of cows during the final week of 
gestation and early lactation through (i) feeding one diet prior to calving and lessening the frequency 
of dietary changes (i.e. low nutritional stress) and risk of metabolic disease, and easing the transition 
to lactation, (ii) reduced milk production. Improved dry matter intake, metabolic profiles, body 
condition score, body weight and mean negative energy balance has been suggested in cows with 
short or omitted dry periods in other studies (Lotan and Alder 1976; Rémond et al., 1992; Gulay et al., 
2003, 2005; Andersen et al., 2005; Rastani et al., 2005; Watters et al., 2008). It has been reported that 
the concentration of long-chain fatty acids is low in milk of CM cows (Remond et al., 1997). The 
long-chain fatty acids in milk are originated from adipose tissue. It is assumed that less mobilization 
of adipose tissue occurs in CM cows because of reduced milk production and improved energy 
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balance. As mentioned above, most recent literature is consistent with our data and supports the 
results of historic studies suggesting that milk production is maximal for cows with conventional 
DPL. Improved energy status in cows with SDP further suggests that milk loss in these cows is most 
likely related to incomplete involution rather than metabolic factors. 
The dry period is an important time for mastitis control strategies as well, because many new 
intramammary infections (IMI) that occur at the end of dry period carry into the next lactation and 
cause clinical coliform mastitis. A large variation in severity of E. coli mastitis is observed among 
cows during early lactation, but clinical severe cases are mostly seen among multiparous cows than 
primiparous cows. The mucosal cells of the mammary gland may produce antimicrobial peptides as 
the first line of defense against IMI during the dry period. Primiparous cows experience limited 
negative energy balance than multiparous cows during early lactation, most likely due to absence of 
induced dry period and less milk production. There is evidence that the intensity of local reactions by 
eicosanoid may play an important role in the severity of E. coli mastitis during early lactation. We 
hypothesized that the antimicrobial peptides produced during the dry period and intensity of local 
reactions caused by eicosanoid around calving can influence the outcome of E. coli mastitis (chapter 
2).  
We inoculated primiparous cows intramammarily with Escherichia coli (E. coli) strain P4, 
serotype O32:H37 during early lactation to answer to the question whether magnitude of eicosanoid 
response is the reason for occurrence of moderate cases of E. coli mastitis in primiparous cows rather 
than severe cases during early lactation (chapter 4). The severity of mastitis was determined using 
quarter milk production loss in uninfected quarters on 2 days after challenge (Heyneman et al., 1990; 
Vandeputte-Van Messom et al., 1993). The contribution of this doctoral thesis to our understandings 
of the variation in inflammatory responses and degree of sepsis to an experimental E. coli challenge in 
mammary glands of dairy cows is depicted in Figure 2. Interestingly, we showed a link between the 
severity of disease and concentration of prostaglandin E2 (PGE2) in mammary secreta. This was in 
accordance with the earlier evidence for the important role of PGE2 in severity of experimentally 
induced E. coli mastitis in primiparous cows (Vangroenweghe et al., 2005). Vangroenweghe et al. 
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(2005) demonstrated that the concentration of thromboxane B2 (TXB2) and PGE2 remained lower in 
cows received a nonsteroidal anti-inflammatory drug after intramammary challenge of E. coli. It 
seems that there is a relationship between the severity of disease and activity of cyclooxygenases 
(COX), which produce the prostaglandins and thromboxanes. The abundance of COX-2 transcript has 
been reported to be increased after infusion of lipopolysaccharide (LPS) (Schmitz et al., 2004). 
Further studies are warranted to confirm the role of COX in severity of E. coli mastitis in primiparous 
cows during early lactation. We found that there was no correlation between the severity of 
experimental E. coli mastitis and preinfection metabolic status of cows, which was not in line with 
previous findings (Kremer et al., 1993; Vandeputte-Van Messom et al., 1993). We also found that 
there is a positive relationship between disease severity and reduced SCC, fewer circulating basophils, 
increased plasma concentration of tumor necrosis factor-α (TNF-α), greater concentration of plasma 
hemoglobin, higher milk sodium and lower milk potassium concentrations. In contrast to previous 
studies (Vandeputte-Van Messom et al., 1993; Hoeben et al., 2000b; Mehrzad et al., 2007), fever, the 
number of bacteria in infected glands and number of circulating polymorphonuclear (PMN) 
leukocytes were not related to the severity of the disease. The absence of a significant relation 
between the number of circulating PMN and the severity of E. coli mastitis could be due to the low 
number of animals used in this study. The links between inflammatory indicators/mediators and 
severity of the disease might be the result of underlying mechanisms that are responsible for 
individual variation in the susceptibility to E. coli mastitis. It seems that factors other than metabolic 
parameters control the susceptibility of the disease in primiparous cows during early lactation. One 
may hypothesize that alteration in the underlying mechanisms of innate immunity in primiparous 
cows influences its ability to detect and eliminate the pathogens efficiently. 
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Fig. 2. Scheme representing the variation in inflammatory responses and degree of sepsis to an experimental E. coli 
challenge in mammary glands of dairy cows (adapted from prof. Burvenich’s presentation: “Severity variation of 
clinical E. coli mastitis in cows: where do we stand?, 10
th
 slide, EAGEN conference, Thursday 15th October 2009, 
La Grande Galerie de l'Evolution, Paris). The black arrows represent the findings on basis of research on the severity 
of E. coli mastitis over the years at our laboratory and USDA-ARS Beltsville USA (these findings have been 
summarized in reviews: Burvenich et al., 1994; Burvenich et al., 2000; Dosogne et al., 2002; Paape et al., 2002; 
Burvenich et al., 2003; Burvenich et al., 2004; Burvenich et al., 2007; De Schepper et al., 2008). During mild disease 
there is a coordinated release of mediators over time, according to general homeostatic principles (many negative 
feedback). During severe disease there seems to be a dysregulation in the production of the same mediators over 
time. This is accompanied by an increase in positive feedback towards certain cytokines without downregulation. In 
the present study, we showed that during experimentally induced E. coli mastitis in primiparous cows and during 
early lactation, the intensity of locally produced PGE2 is related to the severity of general disease (degree of sepsis). 
Uncontrolled local release of PGE2 seems to be involved in the dysregulation of the local inflammatory reaction. 
This uncontrolled release facilitates overproduction of specific cytokines and ROS and spreading of the 
inflammation over the circulation (severe sepsis). It is known that IL-1 and TNF-α induce PG synthesis in various 
cells and PG, in turn, modulates cytokine production, probably through regulation of the intracellular cAMP/cGMP 
balance (Rola-Pleszczynskic and Stankova, 1992). The contribution of this doctoral thesis to the scheme is shown 
with red arrows. The severity of E. coli mastitis seems to be linked to the activity of specific key enzymes, i.e. COX 
(also known as prostaglandin synthase) that ultimately produce prostaglandins and thromboxanes. The incidence of 
inflammatory dysregulation is higher around parturition than during established lactation; and it is also higher in 
multiparous cows compared with heifers. The underlying factor that triggers the uncontrolled activation of COX 
remains unknown. 
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Early detection of mastitis would prevent its progression and likely reduce the costs brought about 
by repeated treatment and its adverse effects on the economics of milk production. Infrared 
thermography might have the potential to measure the radiated heat from udder skin surface due to 
increased underlying metabolism and subcutaneous circulation during inflammation. Yet, the 
thermography technique has not been validated for evaluating the temperature changes of the udder’s 
skin surface after challenge with E. coli. The potential of thermography for evaluating the temperature 
changes of the infected udder was also tested (chapter 4). Although infrared thermography was 
capable of detecting the changes in skin surface temperature of the udder following intramammary 
challenge with E. coli (2-3°C), it showed no promise for early detection of mastitis. This is because, 
the peak of udder skin temperature was observed after the peak in rectal temperature and the 
appearance of local signs of inflammation following challenge with E. coli. The delayed peak in udder 
skin temperature was probably the result of peripheral cutaneous vasodilation during defervescence 
(abatement of fever). The thermal resistance of the vasodilated skin is considerably lower than 
vasoconstricted skin. A part of this difference is because of less tissue water content during period of 
vasoconstriction. It has been found that tissues with higher water content conduct more heat than 
tissues with higher fat content (Elias & Jackson 1996). In our study, there was evidence that skin 
turgor is minimal when body temperature and vasoconstriction is maximal. In an earlier study, 
Dhondt et al. (1977) demonstrated that after infusion of LPS, there was a biphasic increase of blood 
flow, both in goats and cows, with a return to normal values between the 2 peaks. Peak 1 was higher 
than peak 2, but the latter lasted longer. It appears that the peak observed for udder skin temperature 
in our study coincides with the second peak in the study of Dhondt et al. (1977). Peak 1 was not 
detected in our study. This might be explained by an inability to thermographically detect a rapid 
increase in blood flow to the skin of the bovine udder when peripheral cutaneous vasoconstriction is 
maximal and thermal resistance is high. Loughmiller et al. (2001) stated that early detection of fever 
in pigs inoculated with Actinobacillus pleuropneumoniae may not be possible due to vasconstriction 
of the blood vessels. 
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Evolution has resulted in of complex defense systems that prevent invasion and spread of 
pathogens. The innate immune response which is an evolutionarily primitive system (Burvenich et al., 
2007) is not antigen-specific, and provides the predominant defense during the early stages of infection 
(Sordillo and Streicher, 2002; Hoffmann et al., 1999). Innate immunity is the most important defense 
system in the lactating bovine mammary gland (Burvenich et al., 2007). Two aspects of innate 
immunity, i.e afferent (sensing) and efferent (effector) arms are important in the defense against 
intramammary infections (IMI) (Burvenich et al., 2007). If innate defense mechanisms function 
adequately, most pathogens are eliminated within a short period of time and before the specific immune 
system is activated. If a pathogen is able to evade or is not completely eliminated by the innate defense 
system, the specific or acquired immune system is triggered. This highly sophisticated system is 
dependent upon innate immunity, and is observed only in vertebrates. Without innate immunity, 
acquired immunity is not activated. This co-stimulatory system provides for a stronger defense. The 
innate immune system is phylogenetically conserved and until recently has been unappreciated. Unlike 
the acquired immune system, innate immunity is primarily mediated by pattern recognition receptors, 
peptides and small proteins to fight off dangerous microbes (Burvenich et al., 2007).  
Mammary epithelial cells (MEC) may play an important role in the immune response, contributing 
to the innate defence of the mammary tissue through secretion of antimicrobial peptides and attraction 
of circulating immune effector cells (Gray et al., 2005). The composition of bovine mammary epithelial 
antimicrobial peptides is mostly unknown, even though the antimicrobial peptides in bovine neutrophils 
and mucosal epithelia were discovered rapidly (Roosen et al., 2004). To investigate the importance of 
peptides produced during the dry period in severity of E. coli mastitis, peptidomic applications are used 
to identify the in vivo biologically present peptides (Soloviev and Finch, 2005). The peptide-profiling 
gives qualitative (which peptides observed, from method-specified to identified) and quantitative (their 
absolute and relative concentration) chemical data. Currently, with the state-of-art technology used 
(ESI-ion trap MSn and MALDI-TOF), physiological peptide profiles are aiming at 10-100 peptides 
(Nedjar-Arroume et al., 2008; Ma et al., 2008). It is essential to develop appropriate analytical methods 
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before orthogonal chromatographic analyses with mass spectrometry detection and multivariate analysis 
of the data.  
Loss of peptide mainly due to adsorption may occur extensively during sample concentrating and 
drying steps (i.e. freeze drying or centrifugal evaporation), however little attention has been paid to this 
phenomenon. Only recently, a few studies have systematically investigated the factors influencing the 
adsorption of peptides; however, without consideration of the drying step in sample preparation 
(Hyenstrand et al., 2001a, b; Song et al., 2002). Moreover, using pure model peptides during sample 
preparation, and using efficient stationary phase for chromatographic separation of small hydrophilic 
peptides are important issues that need to be considered before performing the eventual analysis. We 
investigated (i) the adsorption of different model peptides with regard to the drying processes, vial 
materials and non-protein additives, (ii) the quality of commercially available synthetic peptides, and 
(iii) the efficiency of seven different hydrophilic interaction chromatography (HILIC) stationary phases 
for separation of a set of model peptides (see chapter 5). We demonstrated that peptides are lost during 
the drying step of sample preparation: the drying action resulted in an average decrease in model 
peptide recovery of 10%. To prevent loss of peptide during drying, polypropylene (PP) vials were more 
suitable for lyophilization, while glass vials were proposed for centrifugal evaporation. We showed that 
among additives used, n-nonyl-β-D-glucopyranoside (C9-Glu) not only provided the highest recovery, 
but also gave more robust results, i.e. was less influenced by the operational variables. It has previously 
been demonstrated that application of 1% C9-Glu in acetonitrile extraction mixture can avoid adsorption 
of pentafuside to PTFE and/or glass sample container surfaces (Lawless et al., 1998). In another study, 
the addition of acetonitrile or C9-Glu reduced the adsorption of an undisclosed model peptide to PP vial 
walls (John et al., 2004). Our data clearly demonstrated that 1 of 13 obestatin peptides was a totally 
unrelated peptide. Therefore, appropriate quality control testing is strongly recommended before using 
any peptides for biomedical research purposes. Among the HILIC columns tested, the responses showed 
the best performance for one of the bare silica columns (Alltima-Alltech), followed by the zwitterionic 
phase (ZIC)-HILIC. The analytical issues considered in Chapter 5 was part of an ongoing research 
project designed to investigate the composition of peptides in the bovine udder.  
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CONCLUSIONS AND PROSPECTS 
Shortening the dry period to 35 d resulted in a significant depression of subsequent milk yield in 
primiparous cows but not in multiparous cows. Extremely short DPL (28 d) was shown to have 
negative influence on milk yield of multiparous cows in the subsequent lactation. From these results, 
we concluded that primiparous cows are very sensitive to a short dry period, most likely due to 
incomplete development of the mammary gland in these cows. However, more controlled studies are 
warranted to examine cellular and molecular mechanisms that are involved in this process.  
The results of our studies on DPL support past research, indicating that eight week DPL is still 
required for today’s high producing cows for maximal milk production in the subsequent lactation. 
While mammary involution has previously been studied in CM cows and cows with traditional dry 
periods, there is no information about mammary involution and cell kinetics in cows with SDP, and 
more research in this area would be beneficial. Milk yield depression in cows with SDP may be 
explained by inhibited early events of involution, due to enhanced inhibitory effects of pregnancy on 
MEC loss and lower milk production at drying off. Shortening the dry period, however, was shown to 
improve energy status of periparturient cows. Thus, it appears that milk loss in the subsequent 
lactation in cows with SDP is mainly due to altered mammary involution and cell proliferation, rather 
than systemic effects of metabolic factors. Over the last decade, shortened or eliminated dry periods 
have been proposed mainly based upon the economics of milk production. However, the influence of 
modified DPL on the immune defense of the bovine mammary gland and the occurrence of new 
intramammary infections has not yet been appreciated. Particularly, the mammary gland defense of 
cows with modified DPL is an area in need of further research. 
 
 
 
 
The mucosal cells of the mammary gland may produce antimicrobial peptides as the first line of 
defense against microbial colonization or infection during the dry period. Moreover, there is evidence 
1
st
 conclusion: shortening the dry period resulted in a significant depression of subsequent 
milk yield in primiparous cows but not in multiparous cows.  
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that the intensity of local reactions caused by eicosanoids may play an important role in the severity of 
E. coli mastitis during early lactation. We hypothesized that the production of antimicrobial peptides 
during the dry period and intensity of local reactions by eicosanoids around calving can influence the 
outcome of E. coli mastitis. In an attempt to test this hypothesis, primiparous cows were inoculated 
intramammarily with E. coli during early lactation. The severity of experimental E. coli mastitis in 
primiparous cows was not related to metabolic status during early lactation. A positive relationship 
was found between the increased concentration of PGE2 in mammary secreta, reduced SCC, fewer 
circulating basophils, increased plasma concentration of TNF-α, higher concentration of hemoglobin 
and severity of the disease. Moreover, the severity of mastitis was related to a higher concentration of 
milk sodium and a lower concentration of milk potassium. Although infrared thermography was a 
successful method for detecting the changes in udder skin surface temperature following 
intramammary challenge with E. coli, it did not show promises as a tool for early detection of 
mastitis. 
 
 
 
 
 
To investigate the importance of peptides produced during the dry period in severity of E. coli 
mastitis, peptidomic applications such as mass spectrometry are used to identify the in vivo 
biologically present peptides. However, it is essential to develop appropriate analytical methods 
before orthogonal chromatographic analyses with mass spectrometry detection and multivariate 
analysis of the data. We investigated the loss of peptide during sample preparation, purity of the used 
model peptides and chromatographic separation of peptides with suitable stationary phases. We 
concluded that a drying step (as part of sample preparation) can cause significant loss of peptide. 
Using an appropriate vial material and additive diminished the loss of peptide during solvent 
evaporation. C9-Glu improved the recovery of model peptides in both Speedvac and Lyovac methods. 
2
nd
 conclusion: intensity of locally produced eicosanoids can influence the outcome of 
experimental E. coli mastitis during early lactation in primiparous cows.  
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Minimal loss of model peptides occurred for the following vial type-evaporation technique 
combinations: polypropylene-lyophilization and glass-centrifugal evaporation. Our quality control 
analysis revealed the quality of more than half of the obestatin peptides from different suppliers 
checked in our study was insufficient for biological assays. The analytical issues discussed in this 
thesis are part of the ongoing research project which will be aimed at peptide profiling of mammary 
mucosal cells as well as antimicrobial peptides expression in mammary mucosal cells of primiparous 
cows during dry period.  
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SUMMARY 
The dry period is necessary to facilitate cell turnover in the bovine mammary gland and to optimize 
milk production in the next lactation. An eight-week dry period has long been the golden standard of 
management for dairy cows. However, this conventional dry period was derived for cows of lower milk 
production than today’s cows and was based upon analysis of farm data or experiments using a small 
number of cows. Genetic improvements and new management technologies have led to higher milk 
production and a need for re-evaluation of the dry period length (DPL). In the first half of chapter 1, we 
focused on mammary gland involution and energy balance of modern dairy cows with modified DPL 
during the dry period. In the second half of this chapter we discussed the bovine mammary defense and 
systemic health when the dry period length is modified. It was concluded that there is a need to integrate 
mammary gland biology and defense mechanisms in studies dealing with modified DPL. The dry period 
is an important focus for mastitis control strategies as well, because many new intramammary infections 
(IMI) that occur at the end of dry period carry into the next lactation and cause clinical coliform 
mastitis. 
We found controversial results in the literature when DPL is reduced. Shortening the dry period 
has been reported to cause negligible milk production loss or reduced milk production (chapter 1). 
One possible reason for these apparently controversial results is that less attention has been drawn 
towards the importance of parity in cows given short dry periods (SDP). We hypothesized that the 
mammary gland of primiparous cows is not completely developed, subjecting these cows in short dry 
periods causes milk production loss in the subsequent lactation (Chapter 2).  
In two independent experiments, we evaluated the effects of different DPL on milk yield, milk 
composition, and energy balance of dairy cows (chapter 3). In the first experiment, multiparous and 
primiparous Holstein dairy cows were used in a completely randomized experimental design with 56-, 
42-and 35 day (d) dry period lengths (DPL). In the second experiment, multiparous Holstein cows 
were randomly assigned to either a 28- or a 49- d DPL. Overall, cows in the 42- and 56-d treatments 
(TRT) gained more body condition than those in 35-d TRT during the dry period; however, 
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postpartum body condition score (BCS) did not change substantially among the TRT. In the second 
experiment, cows with SDP gained more BCS at 150 days in milk. Although from 3 to 210 days in 
milk, differences were not detected in the milk yield of multiparous cows between the 35- and 56-d 
TRT, primiparous cows in the 35-d TRT produced less milk than those in 56-d TRT. Among 
multiparous cows, daily milk yield production was significantly reduced in the 28-d DPL group 
compared with the 49-d DPL group through 210 days in milk. Primiparous cows in the 35-d compared 
with the 56-d TRT produced less milk protein. Among multiparous cows, neither milk protein nor 
milk fat was changed in experimental groups in both experiments. In the 35-d TRT, serum triglyceride 
concentration was greater in primiparous cows than in multiparous cows during the peripartum 
period. Among primiparous cows, those in the 56-d TRT had greater concentrations of nonesterified 
fatty acids than those in the 35-d TRT during the peripartum period. No significant differences were 
observed in concentrations of serum glucose, insulin, and insulin-like growth factor-I during early 
lactation among TRT. There was also no difference among TRT for incidence of metabolic disorders 
in both experiments. In conclusion, shortening the dry period to 35 d may be beneficial in multiparous 
and overconditioned cows, but not in primiparous cows. Shortening the dry period to 28 d can 
influence the milk production negatively even in multiparous cows in the subsequent lactation. Our 
data from two different experiments demonstrate that a shortened dry period under employed 
management practices attenuates negative energy balance status without adversely affecting total milk 
production. Our data support the hypothesis that primiparous cows are very sensitive to short dry 
periods. 
A large variation in severity of E. coli mastitis is observed among cows during early lactation, but 
clinical severe cases are mostly seen among multiparous cows than primiparous cows. The mucosal 
cells of the mammary gland may produce antimicrobial peptides as the first line of defense against 
IMI during the dry period (Chapter 1). Primiparous cows experience limited negative energy balance 
than multiparous cows during early lactation, most likely due to absence of induced dry period and 
less milk production. There is evidence that the intensity of local reactions caused by eicosanoids may 
play an important role in the severity of E. coli mastitis during early lactation. We hypothesized that 
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the antimicrobial peptides produced during the dry period and intensity of local reactions caused by 
locally produced eicosanoid around calving can influence the outcome of experimental E. coli mastitis 
(Chapter 2).  
Primiparous Holstein Friesian cows were inoculated 24±6 days after parturition in both left 
quarters with Escherichia coli (E. coli) strain P4, serotype O32:H37 to answer to the question whether 
magnitude of eicosanoid response is the reason for occurrence of moderate cases of E. coli mastitis in 
primiparous cows rather than severe cases during early lactation (chapter 4). Moreover, the validity 
of thermography to evaluate temperature changes on udder skin surface after experimentally induced 
E. coli mastitis was investigated (chapter 4). Clinical parameters were recorded immediately after E. 
coli infusion until 6 day after challenge. Blood samples were collected on d -2, +1, +2, +3, +6 and 
quarter milk samples were taken on d -7, -4, -2, +1, +2, +3, +6 relative to the day of challenge. On the 
day of inoculation, blood and milk samples were collected every 3 hours. The infrared images were 
taken from the caudal view of the infected and control quarters at variable time intervals post infusion 
hour. The severity of experimental E. coli mastitis in primiparous cows was not related to metabolic 
status of cows during early lactation. No relationship was detected between severity of mastitis and 
changes of thromboxane B2, leukotriene B4 and lipoxin A4. However, prostaglandin E2 was related 
to systemic disease severity during E. coli mastitis. There was a negative correlation between rumen 
motility rate and severity of mastitis. Moreover, reduced somatic cell count, fewer circulating 
basophils, increased concentration of tumor necrosis factor-α, higher concentration of hemoglobin, 
higher milk sodium and lower milk potassium concentrations were related to systemic disease 
severity. The temperature of udder skin extracted from infrared images was increased in both 
experimental and control quarters after challenge with E. coli. Although infrared thermography was a 
successful method for detecting the changes in udder skin surface temperature (2-3°C) following 
intramammary challenge with E. coli, it did not show to be a promising tool for early detection of 
mastitis. Peak of udder skin temperature occurred after peak of rectal temperature and appearance of 
local signs of induced E. coli mastitis. 
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To investigate the importance of peptides produced during the dry period in severity of E. coli 
mastitis, peptidomic applications are used to identify the in vivo biologically present peptides. Mass 
spectrometry is one of the applied techniques in this field. Before orthogonal chromatographic 
analyses of bovine udder with mass spectrometry detection and multivariate analysis of the data, 
appropriate analytical methods need to be developed using model peptides. Investigating the peptide 
loss during sample preparation, purity of used model peptides and efficiency of the applied stationary 
phase for separation of peptides deemed necessary for maximal recovery of peptides.  
Although the efficient and careful removal of solvent from samples by centrifugal evaporation or 
freeze drying methods is an important step in peptidomics, the recovery of peptides has not yet been 
fully investigated with these sample drying methods. Moreover, the surface adsorption of the peptides 
by the container and efforts to reduce this adsorption by organic additives is only scarcely elaborated 
until now. The recovery of five model peptides, i.e. bovine insulin, mouse obestatin, goserelin, 
buserelin and leucine-enkephalin was investigated applying dimethylsulfoxide, dimethylformamide, 
polyethylene glycol 400 (PEG 400), mannitol and n-nonyl-β-d-glucopyranoside (C9-Glu) in function 
of the two applied solvent evaporation processes (freeze-drying vs. centrifugal evaporation) and vial 
types, i.e. polypropylene (PP) and glass (chapter 5). Moreover, peptide identity and impurity profiles 
were thoroughly evaluated on obestatin peptides obtained from five different manufacturers and ten 
pharmaceutically relevant model peptides were analyzed on seven different hydrophilic interaction 
chromatography (HILIC) columns for the evaluation of their performance (chapter 5).  
Under our experimental conditions, drying resulted in a decreased recovery of the model peptides 
by 10% on average. Insulin showed the lowest recovery value relative to the other model peptides. 
For both drying methods, recovery of the model peptides was increased when C9-Glu was present. 
Overall, the use of PP vials is proposed for freeze-drying, while glass vials are found to be more 
suitable for centrifugal evaporation. The presence of PEG 400 in PP vials caused significantly 
reduced recoveries for all model peptides using centrifugal evaporation, although this was not 
observed in glass vials. As a general conclusion, applying C9-Glu as an additive along with choosing 
appropriate vial type (i.e. PP for lyophilization and glass for centrifugal evaporation) can avoid or 
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diminish peptide loss during the evaporation procedure. We found that one of the obestatin products 
examined was in reality a totally different peptide and that the quality of two-thirds of the other 
peptides was insufficient for in vitro and in vivo experiments. Therefore, we strongly recommend 
appropriate quality control testing before using any peptides for biomedical research purposes. The 
responses for different HILIC columns showed the best performance for one of the bare silica 
columns (Alltima-Alltech), followed by the zwitterionic phase (ZIC)-HILIC for the selected peptide 
set. Our research to investigate the composition of peptides in the bovine udder will be continued and 
the analytical issues considered in Chapter 5 were part of this ongoing research project. 
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SAMENVATTING 
De droogstand is een essentiële fase in het management van melkvee. Tijdens de droogstand 
wordt de melkproductie stil gelegd zodat het melkklierepitheel zich kan vernieuwen (= involutie) en 
de volgende lactatie kan worden voorbereid. Traditioneel worden melkkoeien acht weken voor het 
kalven droog gezet. De introductie van enerzijds gentechnologie en anderzijds verbeterde 
management technieken heeft ertoe geleid dat het moderne melkveebedrijf over hoogproductieve 
dieren beschikt. Aangezien een acht weken durende droogstand werd bepaald op basis van 
observationele studies op laag productieve dieren, lijkt het ons aangewezen om de duur van deze fase 
voor hoogproductieve melkkoeien te herbekijken. In het eerste deel van hoofdstuk één zal het effect 
van een variërende duur van droogstand op de melkklier involutie worden nagegaan. Daarnaast zal de 
energie balans van de melkkoe worden bekeken in functie van de duur van de droogstand. Vervolgens 
zal in het tweede deel van hoofdstuk één het effect van de duur van de droogstand op het 
afweersysteem van de melkklier en de algemene gezondheidstoestand van de melkkoe worden 
onderzocht omdat we ervan overtuigd zijn dat melkklier biologie en afweermechanismen geïntegreerd 
zouden moeten worden in studies die handelen over het aanpassen van de droogstand. Verder is de 
droogstand een belangrijke strategie om mastitis te controleren. Nieuwe intramammaire infecties 
(IMI) die op het eind van de droogstand ontstaan, kunnen doorbreken in de daarop volgende lactatie 
wat aanleiding geeft tot klinische coliforme mastitis. 
Wij vonden in de literatuur tegenstrijdige rapporten terug over het verkorten van de duur van de 
droogstand in melkkoeien. Zo blijkt dat het verkorten van de droogstand volgens de ene studie een 
verwaarloosbaar verlies in melkproductie veroorzaakt terwijl andere studies spreken over een 
gereduceerde melkproductie. Een mogelijke verklaring voor deze tegenstrijdigheden is dat men weinig 
aandacht besteed aan de impact van de pariteit van het dier. Onze hypothese dat de melkklier van 
primipare dieren nog niet volledig ontwikkeld is en dat het verkorten van de droogstand resulteert in een 
verlies in van de melkproductie werd in hoofdstuk 2 uitgewerkt.  
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In hoofdstuk drie werd onze hypothese getest aan de hand van twee onafhankelijke studies waarin 
het effect van een gewijzigde duur van de droogstand op melkopbrengst, melksamenstelling en 
energiebalans werd nagegaan. In het eerste experiment werden in een volledig gerandomiseerde 
experimentele proefopzet zowel multipare als primipare Holstein melkkoeien onderverdeeld in drie 
groepen met een droogstand van 56, 42 of 35 dagen. In het tweede experiment werden multipare 
Holstein melkkoeien at random onderverdeeld in een groep met 28 of 49 dagen droogstand. Uit deze 
twee experimenten bleek dat: (i) de koeien met 42 en 56 dagen droogstand, een hogere “Body Condition 
Score (BCS)” hadden voor de partus dan de dieren in de groep met 35 dagen droogstand, (ii) multipare 
dieren met een verkorte droogstand een hogere BCS hadden op dag 150 van de lactatie, (iii) de 
melkopbrengst tussen dag drie en 210 gelijkaardig was voor multipare dieren met 35 en 56 dagen 
droogstand maar dat voor de primipare dieren bleek de melkopbrengst lager was in de groep met 35 
dagen droogstand, (iv) de dagelijkse melkproductie verminderd was in de multipare dieren met een 
droogstand van 28 dagen, (v) de primipare dieren met 35 dagen droogstand minder melkeiwitten hadden 
in vergelijking met de groep met 56 dagen droogstand en dat (vi) bij de multipare dieren geen verschil 
was tussen de groepen wat betreft melk eiwitten en melkvet. In de groep met 35 dagen droogstand was 
de serum triglyceride concentratie rond de partus groter in primipare dan in multipare dieren. Bij de 
primipare dieren was de concentratie van niet veresterde vetzuren rond de partus in dieren met 56 dagen 
droogstand het grootst. In het begin van de lactatie werden geen significante verschillen gevonden in 
serum glucose, insuline en insulin-like growth factor-I (IGF-I). In beide experimenten werd voor geen 
enkele groep een verhoogde incidentie vastgesteld voor metabole aandoeningen. Als besluit kunnen we 
stellen dat een droogstand periode van 35 dagen voordelig kan zijn voor multipare dieren maar niet voor 
primipare koeien. Het verkorten van de droogstand naar 28 dagen kan de melkproductie in de volgende 
lactatie negatief beïnvloeden in zowel primipare als multipare dieren. Bijgevolg illustreren deze twee 
studies dat een verkorte duur van de droogstand onder de huidige gebruikte management technieken een 
negatieve energiebalans tegengaat zonder de totale melkproductie te beïnvloeden. Onze data 
ondersteunen de hypothese dat primipare dieren zeer gevoelig zijn voor een verkorte duur van de 
droogstand. 
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In het begin van de lactatie wordt een grote variatie geobserveerd in de ernst van E. coli mastitis 
maar ernstige klinische cases worden eerder bij multipare dan primipare dieren gezien. Mogelijks 
produceert de melkklier antibacteriële peptiden die een eerste defensie lijn kunnen vormen tegen IMI op 
het einde van de droogstand (hoofdstuk 1). Primipare dieren vertonen een minder uitgesproken 
negatieve energie balans dan multipare dieren. Dit is hoogstwaarschijnlijk het gevolg van het ontbreken 
van een geïnduceerde droogstand en een lagere melk productie. Er zijn bewijzen dat de eicosanoïden 
een rol spelen in de ernst van E. coli mastitis tijdens de vroege lactatie. Wij hypotheseren dat de 
samenstelling van antimicrobiële peptiden geproduceerd door de melkklier tijdens de droogstand en de 
intensiteit van locale effecten van eicosanoïden tijdens het kalven de uitkomst van E. coli mastitis 
kunnen beïnvloeden (hoofdstuk 2).  
Primipare Holstein Friesian koeien werden op 24±6 dagen na de partus in beide linker uier 
kwartieren geïnoculeerd met Escherichia coli (E. coli) stam P4, serotype O32:H37. In dit hoofdstuk 
wordt eveneens het gebruik van thermografie gevalideerd voor de evaluatie van temperatuur 
veranderingen ter hoogte van de huid van de uier na experimenteel geïnduceerde E. coli mastitis. 
Klinische tekenen werden bijgehouden onmiddellijk na E. coli infectie en tot 6 dagen na het inbrengen 
van de bacterie suspensie in de uier. Bloed en melk stalen werden om de 3 uur genomen op de dag van 
de inoculatie. Bloedstalen werden op dag -2, +1, +2, +3, +6 genomen en melkstalen van de uier 
kwartieren werden genomen op dag -7, -4, -2, +1, +2, +3, +6 relatief tot de dag van inoculatie. De 
infrarood beelden werden op variabele tijdsintervallen na de inoculatie genomen vanuit een caudaal 
zicht van zowel de geïnfecteerde als de controle kwartieren. De ernst van de experimentele E. coli 
mastitis in de primipare dieren was niet gerelateerd aan de metabole status tijdens het begin van de 
lactatie. Er werd geen verband gevonden tussen de ernst van mastitis en veranderingen in thromboxaan 
B2, leukotriëen B4 en lipoxine A4. Prostaglandine E2 kon wel gerelateerd worden aan de ernst van E. 
coli mastitis. Verder vonden we ook een negatieve correlatie tussen de rumen motiliteit en de ernst van 
E. coli mastitis en werd een gereduceerd somatisch celgetal, een lager aantal circulerende basofielen, 
een verhoogde concentratie van tumor necrosis factor-α (TNF-α), hemoglobine en natrium en een lager 
kalium gehalte gecorreleerd met de ernst van E. coli mastitis. Op de infrarood beelden vonden we dat de 
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temperatuur van de huid van de uier verhoogd was in zowel de experimentele als de controle 
uierkwartieren na inoculatie van E. coli. Desondanks de gevoeligheid van de infrarood thermografie, de 
camera kon een verschil van 2-3°C detecteren op de huid van de uier na inoculatie met E. coli, bleek uit 
onze studie dat dit geen geschikte methode was voor de vroegtijdige diagnose van E. coli mastitis. Wij 
konden aantonen dat de rectale temperatuur reeds een maximum bereikte en de locale symptomen van 
E. coli mastitis konden waargenomen worden vooraleer de huid van de uier een maximum waarde 
vertoonde.  
Om na te gaan wat de impact is op de ernst van E. coli mastitis van de peptiden die geproduceerd 
worden tijdens de droogstand, worden peptidomic toepassingen gebruikt om de in vivo biologische 
aanwezige peptiden te identificeren. Massa spetrometrie is een van de gebruikte toepassingen. 
Vooraleer melkklierweefsel te onderwerpen aan deze technieken was het noodzakelijk om eerst de 
staalvoorbereiding te optimaliseren aan de hand van zogenoemde model peptiden. Dit liet ons toe het 
verlies van peptiden, zuiverheid en de best passende stationaire fase te bepalen zodat een maximale 
recuperatie van de peptiden kon bekomen worden. Na het extraheren van peptiden uit weefsel was een 
efficiënte verwijdering van het solvent door middel van verdamping door centrifugatie of vriesdrogen 
een essentiele stap in de staalvoorbereiding voor peptidomics.  
Alhoewel deze technieken veel gebruikt worden voor het verwijderen van solventen uit peptide 
mengsels, werd er nog geen grondig onderzoek verricht naar het verlies van peptiden na deze 
toepassingen. In het bijzonder is er weinig geweten over de adsorptie van peptiden aan de buisjes na 
verdamping van het solvent en het effect van organische additieven om de adsorptie te reduceren. Om 
dit te onderzoeken hebben we volgende model peptiden geselecteerd: runder insuline, obestatine, 
gosereline, busereline en leucine-enkefaliene. In hoofdstuk vijf werd nagegaan of de organische 
additieven dimethylsulfoxide, dimethylformamide, polyethyleen glycol 400 (PEG 400), mannitol en 
n-nonyl-β-d-glucopyranoside (C9-Glu) de adsorptie van onze model peptiden aan polypropyleen en 
glazen buisjes konden reduceren.  
Onder onze experimentele omstandigheden was de recuperatie van de model peptiden gemiddeld 
10 % gedaald na verdamping van het solvent. Van de vijf geselecteerde model peptiden had insuline 
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de laagste recuperatie waarde.  Het additief dat de adsorptie van de peptiden aan de buisjes het best 
reduceerde was C9-Glu. Onze resultaten toonden eveneens aan dat het gebruik van PP buisjes het 
meest geschikt was voor het verdampen van solventen door middel van vriesdroog methoden terwijl 
de glazen buisjes eerder geschikt waren voor centrifugatie. Het gebruik van PP buisjes in combinatie 
met PEG 400 reduceerde de adsorptie van alle model peptiden na verdampen van het solvent door 
centrifugatie. Het vervangen van de PP buisjes door glazen buisjes had geen effect. Algemeen konden 
we besluiten dat het verlies van peptiden na het verdampen van het solvent uit het peptidenmengsel 
sterk kon gereduceerd worden door C9-Glu als additief te gebruiken in combinatie met PP buisjes 
voor vriesdroog methoden en glazen buisjes voor centrifugatie. In een tweede experiment werd de 
peptide identiteit en het onzuiverheid profiel geëvalueerd van obestatine peptiden die afkomstig waren 
van vijf verschillende leveranciers en werden zeven verschillende hydrofiele interactie chromatografie 
(HPLC) kolommen getest aan de hand van tien farmaceutisch relevante model peptiden (hoofdstuk 5). 
We concludeerden dat één van de onderzochte obestatine producten in realiteit een totaal ander 
peptide was en dat de kwaliteit van 2/3 van de overige peptiden ondermaats was waardoor deze 
onbruikbaar zijn voor zowel in vitro als in vivo experimenten. Bijgevolg benadrukken wij het belang 
van kwaliteit controles van peptiden vooraleer deze te gebruiken in het biomedisch onderzoek. Wat 
betreft de HPLC kolommen vonden we voor de geteste peptiden dat de meest geschikte kolom de 
silica kolommen zijn van Alltima-Alltech gevolgd door de zwitterionic phase (ZIC)-HILIC 
kolommen. Deze resultaten zullen de basis vormen voor ons verder onderzoek naar de samenstelling 
van de peptiden in de uier van de melkkoe.  
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